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ABSTRACT 
The forearc area of the northern Cordillera preserves Tertiary magmatism in a 
semi-continuous belt from Alaska to Oregon. Vancouver Island is situated in a central 
position within this belt and contains five suites of Paleogene igneous rocks, three of 
which were studied for this thesis: the Mt. Washington intrusions, the Clayoquot 
intrusions and the Flores volcanic rocks. Eight new conventional ID-TIMS U-Pb zircon 
ages were obtained for the Mt. Washington and Clayoquot intrusions (5 1.2 +/- 0.4,48.8 
+/- 0.5 Ma, 38.6 +/- 0.1, 38.6 +/- 0.2, 37.4 +/- 0.2, 36.9 +/- 0.2, 35.4 +/- 0.2 and 35.3+/- 
0.3 Ma). The compositions of these three suites range from granite to tonalite. Some 
units display an adakitic trace element signature (commonly associated with slab melting) 
but have S-type character (indicative of sedimentary source rock) and are interpreted to 
be anatectic melts of subducted forearc sediment. Forward modelling of tectonic plate 
configurations in the Pacific basin from 53 Ma to the present was carried out to identify 
the most plausible plate configuration for forearc magmatism from Alaska to Oregon. 
Ridge-trench intersection and slab window formation were regarded as the most likely 
causes of the forearc magmatism, and were used to constrain the plate configurations. 
The model includes the recently proposed Resurrection plate in addition to the Kula, 
Farallon and Pacific plates. The modelling suggests that at -46 Ma, the Resurrection 
plate became segmented into two plates, the more northern of which is herein named the 
Eshamy plate. The plate model not only accounts for the majority of Tertiary forearc 
magmatism from Alaska to Oregon, but is also in close accord with Tertiary to Recent 
inboard magmatic and structural features. 
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This project was designed to determine the age, geochemistry and tectonic setting 
of the Tertiary Mt. Washington and Clayoquot intrusions and Flores volcanic rocks on 
Vancouver Island. These intrusions and volcanic rocks are of particular interest because 
they are situated within a belt of forearc igneous rocks that extends from Alaska to 
Oregon. Magmatism within this belt is frequently regarded as a product of ridge-trench 
interaction and slab window formation (e.g. Hill et al., 1981; Barnes and Barnes, 1992; 
Haeussler et al., 1995; Pavlis and Sisson, 1995; Harris et al., 1996; Hamilton and Dostal, 
2001; Bradley et al., 2003). 
The goals of the field work were to visit as many intrusions and volcanics as 
possible, describe the plutons/volcanics and any visible field relations, sample for whole 
rock geochemistry, and select intrusions for U-Pb dating. The field work resulted in 37 
chemistry samples, eight U-Pb samples and detailed descriptions of twenty-one plutons 
and two exposures of the Flores volcanics. 
Whole rock geochemistry was used to characterize the composition of the rocks, 
and to investigate the origin of the adakitic geochemical signatures observed in some 
samples. The eight new U-Pb dates determined the timing of magmatism in the belt and 
were used to constrain a tectonic model explaining the occurrence of the forearc 
magmatic belt. The model was constructed based on the assumption that forearc 
magmatic rocks were emplaced during ridge-trench intersection events, above the 
associated slab windows. 
Study Area 
This study focused on forearc intrusions and volcanic rocks on Vancouver Island. 
Vancouver Island is located in southwestern British Columbia within the Insular belt of 
the Cordilleran orogen. The regional nature of the study required investigations of 
several small study areas that correspond to the locations of individual Tertiary intrusions 
of the Mt. Washington and Clayoquot suites and the Flores volcanics. Exposures of these 
rocks are found in geographic clusters near the towns of Nanaimo, Zeballos, Tofino, 
Tahsis and also the ski hill at Mt. Washington and were generally accessible by logging 
or mining roads. 
Thesis Format 
The following thesis was written as five chapters. Chapter One is a brief 
introduction to the study. Chapter Two outlines previous work on the forearc magmatism 
from Alaska to Oregon, introduces the new U-Pb age determinations for Vancouver 
Island, and presents the tectonic model, which was the main body of the research. 
Chapter Three presents the field relations, petrography and geochemical characterization 
of the igneous suites. Chapter Four discusses the topic of adakites on Vancouver Island. 
Conclusions for the entire thesis are provided in Chapter Five. 
The thesis is supplemented by five appendices. Appendix A provides a step by 
step methodology of the tectonic model, Appendix B provides additional geochemistry 
plots, error analysis, fractional crystallization modeling, data tables, previous isotope 
work, and an investigation to determine the reason for observed Eu anomalies. Appendix 
C presents petrography data. Appendix D contains previous geochronology from 
Vancouver Island and Queen Charlotte Islands and Appendix E outlines an area of future 
work - the origin and evolution of the Yakutat terrane. The list of references pertains to 
the entire thesis. 
CHAPTER 2- CENOZOIC TO RECENT PLATE 
CONFIGURATIONS IN THE PACIFIC BASIN: RIDGE 
SUBDUCTION AND SLAB WINDOW MAGMATISM IN 
WESTERN NORTH AMERICA 
Summary 
Forearc magmatic rocks were emplaced in a semi-continuous belt from Alaska to Oregon 
from 62-1 1 Ma. U-Pb and 4 0 ~ r - 3 9 ~ r  dating indicates that magmatism was concurrent in 
widely separated areas. Eight new conventional ID-TIMS U-Pb zircon ages from forearc 
intrusions on Vancouver Island (51.2 +/- 0.4,48.8 +/- 0.5 Ma, 38.6 +/- 0.1, 38.6 +/- 0.2, 
37.4 +/- 0.2,36.9 +/- 0.2, 35.4 +/- 0.2 and 35.3+/-0.3 Ma), together with previous dates, 
indicate that southwestern British Columbia was a particularly active part of the forearc. 
The forearc magmatic belt has been largely attributed to ridge-trench intersection and 
slab window formation involving subduction of the Kula-Farallon ridge. Integration of 
the new and previous ages reveals shortcomings of the Kula-Farallon ridge explanation, 
and supports the hypothesis of two additional plates, the Resurrection plate (recently 
proposed) and the Eshamy plate (introduced herein) in the Pacific basin during Paleocene 
and Eocene time. A quantitative geometric plate tectonic model was constructed from 53 
Ma to Recent to best account for the forearc magmatic record using ridge-trench 
intersection and slab window formation as the main cause of magmatism. The model is 
also in accord with Tertiary to Recent inboard magmatic and structural features. 
Introduction 
Forearcs are typically amagmatic with low heat flow (Gill, 1981); however, 
subduction of a mid-ocean ridge imparts a thermal pulse into the forearc, which may 
result in near-trench magmatism (Marshak and Karig, 1977; DeLong et al., 1979; Sisson 
et al., 2003). As a ridge subducts, magmatic accretion ceases along the ridge axis and a 
gap or 'slab window' forms between the subducted parts of the two downgoing oceanic 
plates (Dickinson and Snyder, 1979; Thorkelson, 1996). Subducting ridges and the 
resulting slab windows have been linked to high heat flow, anomalous magmatism and 
deformation in the overriding plate from forearc to backarc (Dickinson and Snyder, 1979; 
Hibbard and Karig, 1990; Barker et al., 1992; Sisson and Pavlis, 1993; Pavlis and Sisson, 
1995; Kusky et al., 1996; Thorkelson, 1996; Lytwyn et al., 1997; Breitsprecher et al., 
2003; Groome et al., 2003). Forearc areas affected by high heat flow and igneous activity 
are likely to have experienced ridge subduction and migration of either a ridge-trench- 
trench or ridge-trench-transform triple junction (DeLong et al, 1979; Dickinson and 
Snyder, 1979; Thorkelson, 1996; Lewis et al., 1997). 
The Cenozoic subduction zone of western North American preserves forearc 
magmatic activity within a semi-continuous belt from Alaska southeastward along the 
coastal areas of British Columbia, Washington and Oregon (Figure 1). This chain of 
magmatic rocks is spatially and temporally complex, and spans Paleocene to Miocene 
time. The most spatially and temporally coherent portion is the eastward-younging 
Sanak-Baranof belt in southern to southeastern Alaska (Bradley et al., 1992; Haeussler et 
al., 1995; Bradley et al., 2003). The age progression has been attributed to the passage of 
an eastwardly migrating ridge- trench-trench triple junction related to the subduction of a 
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mid-ocean spreading ridge in Paleocene to Middle Eocene time (Hill et al, 198 1, Bradley 
et al., 1992, Sisson and Pavlis, 1993). During this interval, forearc magmatism was also 
recorded farther south, on Vancouver Island and along the coasts of Washington and 
Oregon (Wells et al., 1984; Babcock et al., 1992; Groome et al. 2003). Subsequently, in 
Late Eocene to Miocene time, forearc magmatism occurred more sporadically from 
Oregon to Alaska (Barnes and Barnes, 1992; Hamilton and Dostal, 2001; Kusky et al., 
2003). Virtually all of these magmatic events have been regarded, by many workers, as 
products of ridge subduction (e.g., Babcock et al., 1992; Barnes and Barnes 1992; 
Bradley et al., 1992; Sisson and Pavlis, 1993; Harris et al., 1996; Hamilton and Dostal 
2001; Groome et al., 2003; Kusky et al., 2003), although other tectonomagmatic 
environments such as subduction-related volcanic arcs, rifted forearcs, leaky transforms, 
ocean islands, and mantle plumes have also been invoked (Tysdal et al., 1977; Massey, 
1986; Clowes et al., 1987; Massey and Armstrong, 1989; Babcock et al. 1992; Davis et 
al., 1995; Wells et al., 1984). 
In this paper we examine three suites of felsic forearc igneous rocks on 
Vancouver Island: the Mt. Washington intrusions, Clayoquot intrusions and Flores 
volcanics. Eight new U-Pb dates define two pulses of magmatism. These findings are 
integrated with existing data from coastal areas of British Columbia and clarify the role 
of Vancouver Island in the history of near-trench magmatism from Alaska to Oregon. A 
plate tectonic model is presented which supports and elaborates on the hypothesis of the 
Resurrection plate (Haeussler et al., 2003) and includes the formation of another plate, 
the Eshamy plate, in the Pacific Basin. Plate boundaries have been selected to best fit the 
complicated pattern of forearc magmatism in the northern Cordilleran subduction zone 
from 53 Ma to present. 
Geological effects of slab windows 
In the model presented in this paper, ridge subduction and slab window formation 
are the main mechanisms by which we account for forearc magmatism. For that reason, 
we provide a brief review of ridge subduction and the effects of slab windows on the 
overriding plate. Alternatives to the slab window hypothesis include slab-rollback 
resulting in trenchward movement of the subduction generated volcanic arc (Keinle and 
Turner, 1976), hotspot influence in the forearc area, slab breakoff, or melting of the 
forearc due to shear heating (Hudson et al., 1989). Each of these ideas is inconsistent 
with the observed age trends andlor geochemical character observed within the belt. 
A slab window forms where a spreading ridge-transform fault system intersects a 
trench and one or both of the two diverging oceanic plates is subducted. As a mid-ocean 
ridge descends into a subduction zone it ceases to be a locus of magmatic accretion; 
however, upwelling melts may continue to be generated along the diverging plate 
boundary. Magmatic accretion along the subducted ridge ceases because the magmas can 
rise past the slab edges and into the overlying mantle and crust, and because the slab 
edges themselves undergo partial melting (Dickinson and Snyder, 1979; Severinghaus 
and Atwater, 1990; Thorkelson, 1996; Thorkelson and Breitsprecher, in press). Because 
the subducted slabs continue to move apart according to the same divergent Euler pole 
rotations as their unsubducted counterparts (the oceanic plates), a slab window grows 
between them. 
Four triple junction types are associated with slab windows: ridge-trench-trench, 
ridge-transform-trench, transform-transform-trench and transform-trench-trench triple 
junctions. Examples of each type were generated in the tectonic model discussed in a 
later section, and examples of each type exist at subduction zones today. A modern 
example of a ridge-trench-trench triple junction is located along the Chilean margin, 
where the Nazca-Antarctic ridge intersects the continental margin almost orthogonally 
and is subducting below Patagonia (Forsythe and Nelson, 1985; Forsythe and Prior, 1992; 
Daniel et al., 2001). Present day ridge-transform-trench triple junctions are located off 
the shores of California and British Columbia (the Rivera and Explorer triple junctions, 
respectively), although both of these triple junctions are complicated by microplate 
formation (Menard, 1978; Dickinson and Snyder, 1979; Rohr and Furlong, 1995; 
Dickinson, 1997; Bourgois and Michaud, 2002). The Mendocino triple junction in 
northern California represents an active transform-transform-trench triple junction 
(Dickinson and Snyder, 1979), and a transform-trench-trench triple junction is currently 
located along the coast of Panama where a transform fault offset of the Cocos-Nazca 
ridge is currently subducting (Johnston and Thorkelson, 1997). 
Magmatic responses to a slab window may occur in the forearc, arc, and backarc 
areas of the overriding plate. In the forearc region, subduction of a mid-ocean ridge 
introduces a concentrated heat source to an area of otherwise low heat flow. This can 
result in blowtorch melting (DeLong et al., 1979) whereby upwelling melts associated 
with the mid-ocean ridge partially melt the accretionary prism or other trench-proximal 
crust, resulting in forearc magmatism. Inboard, a slab window may cause arc volcanism 
to be shut off and possibly be replaced by magmatism of tholeiitic to alkalic 
compositions, with arc to within-plate signatures, which may extend into the back-arc 
region (Hole et al., 1991; Cole and Basu, 1995; Gorring et al., 1997; Johnston and 
Thorkelson, 1997; DYOrazio et al, 2001; Breitsprecher et al., 2003). The arc shutoff is 
thought to occur because hydration of the mantle ceases in the slab window environment, 
and the previously hydrated mantle wedge may be replaced by upwelling drier, more 
enriched peridotite from the sub-slab mantle reservoir (Thorkelson, 1996). Adakites and 
other intermediate to felsic igneous rocks are also common near slab windows and may 
be generated by anatexis of the subducted slab edges which flank the slab window 
(Defant and Drumrnond, 1990; Drummond et al., 1996; Johnston and Thorkelson, 1997; 
Breitsprecher et al., 2003; Thorkelson and Breitsprecher, in press), or melting of garnet- 
bearing lower crust (Drummond et al., 1996; Garrison and Davidson, 2003; Richards et 
al., 2002). 
Other effects of slab windows include extensional and metamorphic features and 
high heat flow which may be time-transgressive. Examinations of past slab window 
environments in Alaska, British Columbia and current environments in Patagonia 
(Thorkelson and Taylor, 1989; Haeussler et al., 1995; Gorring et al., 1997; Bradley et al., 
2003; Breitsprecher et al., 2003) have demonstrated the significance of time-transgressive 
and regional-scale geologic effects, for example, magmatic trends and core complex 
exhumation. These time-related features are important for detecting former slab window 
environments in the geologic record. High heat flow in slab window environments may 
extend from forearc to backarc. 
Synopsis of Cenozoic to Recent forearc magmatism, Alaska to Oregon 
Paleogene forearc magmatism forms a complex spatial and temporal pattern 
within the forearc areas of Alaska, British Columbia, Washington and Oregon (Figure 2). 
Magmatism occurred in two main pulses during (1) Paleocene-Early Eocene, and (2) 
Late Eocene-Oligocene. The first pulse is represented in Alaska by intrusions of the 
Sanak-Baranof belt, in British Columbia by the Walker Creek intrusions (50.9-50.7 Ma 
U-Pb), Metchosin Igneous Complex, Clayoquot intrusions (5 1.2-48.8 Ma U-Pb) and the 
Flores volcanic rocks (5 1.2-50.5 Ma U-Pb), all of which occur on Vancouver Island, and 
in Washington and Oregon by the Coast Range Basalt Province (ca 58-50 Ma from 
Duncan 1982). The second pulse of forearc magmatism is represented in Alaska by 
intrusions and volcanics in the Prince William Sound and St. Elias Mountain areas from 
-42-30 Ma, (Bradley et al., 1992; Kusky et al., 2003), and the Admiralty Island area from 
-35-5 Ma (Ford et al., 1996). In British Columbia, the second pulse is represented by 
centers on both the Queen Charlotte Islands and Vancouver Island. On the Queen 
Charlotte Islands, the Kano plutonic suite ranges from 46-26 Ma U-Pb (Anderson and 
Reichenbach, 1991) and is considered coeval in part with the Masset volcanics which 
may have persisted into Miocene time (46- 1 1 Ma K-Ar whole-rock; Hickson, 199 1 ; 
Anderson and Reichenbach, 199 1 ; Hamilton and Dostal, 1993). On Vancouver Island, 
the second pulse is represented by the Mt. Washington intrusions, herein dated at 41-35.3 
Ma by U-Pb zircon. To the south, the second pulse is represented by the Gray's River and 
Goble volcanics in Washington and the broadly synchronous Tillamook, Cascade Head, 
Cannery Hills and Yachats basalt successions in Oregon (Barnes and Barnes, 1992, Davis 
et al., 1995; ca 44 Ma to 34 Ma, 4 0 ~ r - 3 9 ~ r ) .  
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Figure 2: Tertiary forearc magmatism of coastal western North American from 61 Ma to 
20 Ma. The vertical axis corresponds to geographic location and extent of magmatism 
along the coastline at right. The horizontal axis corresponds to time in Ma. Note 
synchronicity of forearcmagmatism at different times in widely separated positions along 
the coast. Geochronology methods used to constrain timing of magmatism are shown in 
italics. Color of boxes match specific locations of plutons depicted on the coastline. 
Alaska oroclinal bending occurred between 66 and 44 Ma (Hillhouse and Coe, 1994). 
Forearc magmatism in Alaska 
Paleocene to Middle Eocene 
Paleocene to Middle Eocene plutons were emplaced along much of the 2200 km 
length of the Sanak-Baranof belt with a continuous west to southeast age progression of 
63 Ma on Sanak Island to 48 Ma on Baranof Island (Haeussler et a]., 1995; Bradley et al., 
1993; 2000). This magmatism was contemporaneous with arc volcanism further inboard 
in Alaska prior to oroclinal bending (Hill et al., 198 1) and was synchronous with 
ophiolite emplacement into the forearc (Lytwyn et a]., 1997). Plutons of the Sanak- 
Baranof belt intrude the metamorphosed accretionary prism sediments of the Chugach- 
Prince William composite terrane. Geochemical and isotopic studies indicate that these 
tonalite, granodiorite, granite, trondjhemite and minor gabbroic plutons are mixtures of 
melted accretionary prism sediments and mafic material such as amphibolite, mafic 
underplate, refractory tholeiites or MORB (Hill et al., 1981; Barker et al., 1992; Bradley 
and Kusky, 1992; Harris et al., 1996; Lytwyn et al., 1997; 2000; Sisson et al., 2003). 
Metamorphism in the Eastern Chugach Mountains region of the Chugach-Prince William 
terrane is characteristically high T- low P (Sisson et al., 1989; Pavlis and Sisson, 1995). 
The Sanak-Baranof belt is structurally complex and includes several features consistent 
with triple junction migration (Bradley et al., 1992; Haeussler et al., 1995; Kusky et al., 
2003). Taken together, the age progression, metamorphic history and structural history 
point to migration of a trench-ridge-trench triple junction eastward along the Sanak- 
Baranof belt from Paleocene to Eocene time (Haeussler et al., 1995). 
Late Eocene to Oligocene 
A Late-Eocene to Oligocene forearc thermal event occurred in the Prince William 
Sound and St. Elias Mountains area and the Tkope-Portland Peninsula magmatic belt of 
southwestern Alaska. Intrusions were emplaced into the Chugach-Prince William terrane 
in the Prince William Sound and St. Elias Mountain areas from -42-30 Ma (Kusky et al., 
2003) and the Admiralty Island volcanics erupted with synchronous intrusions in the 
Tkope-Portland magmatic belt from approximately 35-5 Ma (Ford et al., 1996). These 
events began approximately 10-20 Ma after the Paleocene to Middle Eocene pulse. 
Late Eocene to Oligocene magmatism in the Prince William Sound area was 
localized and spanned at least 10 Ma, as indicated by several near-trench intrusions. The 
Eshamy and Miners bay plutons were dated at 38.6+/- 0.6 Ma to 41 Ma (Ar-Ar: Nelson et 
al., 1999), Nellie Juan pluton is 36.1 Ma (K-Ar biotite), and the Terentiev pluton is 29.2 
+/- 0.3 (Ar-Ar microcline: Kusky et al., 2003). These intrusions form a poorly dated 
heterogeneous suite ranging from quartz-feldspar porphyry to biotite-hornblende 
granodiorite to gabbro and granite (Kusky et al., 2003), emplaced both as shallow and 
deep levels as small stocks, dikes or sills with or without contact aureoles (Kusky et al., 
2003). Intrusion took place along pre-existing structures which developed during the late 
stages of Paleocene-Middle Eocene ridge subduction (Kusky et al., 2003). No age trend 
has been associated with this magmatic episode. The plutons near the St. Elias 
Mountains area are not yet well studied and range in age from -42-30 Ma (K-Ar, Ar-Ar, 
U-Pb). A gabbro body at the north end of the St. Elias pluton belt provided a concordant 
U-Pb age of 42 Ma (Sisson et al., 2003). The plutons intruding the Prince William Sound 
area have been attributed to ridge-trench intersection enabled by a jump-back of the 
Resurrection-Kula ridge from the trench during a possible major plate reorganization 
event at -40 Ma (Kusky et al. 2003). 
The Admiralty Island volcanics comprise a sub-alkalic dominantly mafic to 
intermediate volcanic succession. Although these rocks are broadly arc-like, with LILE 
and LREE enrichments and HREE depletions however they lack Nb-Ta anomalies 
characteristic of arc magmatism (Ford et al., 1996). Consequently, Ford and Brew (1996) 
attributed these volcanics to asthenospheric upwelling in a slab window region following 
a change from subduction to transform tectonism along the continental margin. 
Forearc magmatism on Queen Charlotte Islands 
Middle Eocene to Miocene 
The Kano intrusions form a heterogeneous northward younging plutonic suite 
coeval with the Masset volcanics and Tertiary dike swarms of Queen Charlotte Islands 
(Anderson and Reichenbach, 199 1). The Kano intrusions are dominantly massive, 
hypabyssal, equigranular to seriate textured monzodiorites with lesser amounts of diorite 
and granodiorite. U-Pb geochronology defines a late Eocene to Oligocene northward 
younging trend from 46.2 Ma in Carpenter Bay on Moresby Island to 26.8 Ma on 
Langara Island (Anderson and Reichenbach, 1991). The Kano plutons were emplaced in 
an extensional to transtensional setting (Anderson et al., 1995). 
The Masset Formation is a subalkaline mafic to felsic bimodal volcanic suite 
dominated by basalt and is considered to be coeval with the Kano plutonic suite and 
Tertiary dike swarms that are widespread on Queen Charlotte Islands (Souther and 
Jessop, 199 1 ; Anderson and Reichenbach, 199 1, Hamilton and Dostal, 1993). The 
Masset Formation spans 46.2-1 1 Ma according to K-Ar whole rock dates (Hyndman and 
Hamilton, 1991) and consists of basaltic to andesitic to trachyandesite to rhyolite flows 
with subordinate pyroclastic deposits and shallow intrusions (Hamilton and Dostal, 1993; 
2001). Basaltic volcanics from the Masset Formation form both calcalkaline and 
tholeiitic suites. The tholeiitic basalts are moderately enriched and resemble continental 
flood basalt, ocean-island and E-MORE3 compositions whereas the calcalkaline suites 
have typical arc signatures (Hamilton and Dostal, 2001). The Masset Formation was 
emplaced during crustal extension in a Pacific-Farallon slab window setting (Hamilton 
and Dostal, 2001). Mildly enriched tholeiitic magma resulted from partial melting of 
heterogeneous asthenospheric mantle (Hamilton and Dostal, 2001). By association with 
the Masset Formation, the Kano intrusions and Tertiary dike swarms may have also been 
emplaced as a result of slab window tectonics. 
Forearc magmatism on Vancouver Island 
Middle to Late Eocene 
Vancouver Island is presently situated in the arc-trench gap between the Juan de 
Fuca trench and the Garibaldi volcanic belt and Cascade Range volcanic arcs. 
Paleomagnetic data obtained from the Tertiary Flores volcanics on the west coast of 
Vancouver Island indicate that the island has been in its present location with respect to 
North America since before Middle Eocene time (Irving and Brandon, 1990). During 
Middle to Late Eocene time, subsequent to accretion of the Coast Range terrane it is 
generally regarded that the paleotrench west of Vancouver Island was in a comparable 
position to today (Wells et al., 1984; Babcock et al., 1992; Clowes et al., 1987). This 
relationship indicates that Tertiary magmatism on Vancouver Island occurred in a forearc 
position. 
Paleogene forearc igneous rocks on Vancouver Island include the Mt. Washington 
intrusions, Clayoquot intrusions, Flores volcanic rocks, Walker Creek intrusions, and the 
Metchosin Igneous Complex (Figure 3). The Walker Creek intrusions comprise a Middle 
Eocene peraluminous tonalite-trondjhemite suite intruding the Leech River Complex, a 
metamorphosed Cretaceous accretionary package juxtaposed against the Wrangellian 
portion of Vancouver Island along the San Juan fault (Groome et a]., 2003). The Walker 
Creek intrusions are interpreted to be products of forearc melts mixed with MORB 
magmas during ridge-trench interaction (Groome et al., 2003). The Metchosin 
Igneous Complex is correlative with the Coast Range Basalt Province (Massey, 1986). 
and has been interpreted as a partial ophiolite generated in an extensional setting 
(Massey, 1986) that was forming at 52+/-2 Ma based on a U-Pb zircon age from 
hornblende diorite (Yorath et a1.,1999). The Metchosin Igneous Complex accreted to the 
southwestern tip of Vancouver Island sometime during the Middle Eocene Collision may 
have started as early as 50 Ma, causing deformation and rapid exhumation of the Leech 
River Complex from depths of -10 km (Groome et al., 2003). 
North of the Leech River Complex, Eocene forearc igneous rocks on Vancouver 
Island comprise the Mt. Washington intrusions, the Clayoquot intrusions and the Flores 
volcanic rocks. Field work, geochemistry and U-Pb geochrononlogy were carried out on 
these suites in this study. The Mt. Washington and Clayoquot suites are hypabyssal 
intrusions composed mainly of metaluminous tonalite, trondjhemite and granodiorite with 
subordinate granite and quartz monzodiorite. SiOz levels in the two suites range from 55- 
5 Flores volcanics (51.2 - 50.5 Ma) 
kcreted litholoaies 
I Crescent terrane (Paleocene to L. Eocene) 
I Leech River Complex (Jura-Cretaceous) 
I Pacific Rim Complex (Jura-Cretaceous) P 
r Thrust fault 
* Thrust fault- Cowichan Fold and Thrust system 20 40 km 
* Citvnown 
Figure 3: Location map of Eocene forearc magmatism, structures, and terranes that 
were accreted to Vancouver Island during Tertiary time. Eocene intrusions of the Mt. 
Washington and Clayoquot suites and the Flores volcanics are shown in areal 
groupings that demonstrate similar intrusive styles, petrography and geochemistry. U- 
Pb ages and pluton names are displayed for select intrusions visited in this study. New 
U-Pb dates obtained for this study are shown in boxes. Dates shown in italics are 
previously published. Structures: BRF- Beaufort range fault, FF- Fulford Fault, YCF- 
Yellow Creek fault, CLF- Cowichan Lake fault, CR- Chemainus River fault, SMF- Survey 
Mountain Fault, LRF- Leech River Fault, WCF- West Coast fault. Also shown is the 
approximate location of the pole of oroclinal bendind on southern Vancouver Island 
possibly related to crescent accretion. Structures shown in grey are related to the 
Cowichan Fold and Thrust system. Citiesltowns: Z- Zeballos, TS-Tahsis, TF- Tofino, U- 
Ucluelet, PA- Port Alberni, V- Victoria, - Nanaimo. Other: KL=Kennedy Lake, MI= 
Meares Island, FI= Flores Island, NI= Nootka Island. 
74 weight percent with an average of 65%. The Flores volcanics are a bimodal suite of 
subaerial, columnar to massive flows, debris flow breccias and ash flow tuffs, cross-cut 
by undated felsic dikes (Irving and Brandon, 1990). The volcanic rocks are dominated by 
dacite but range from basaltic andesite to rhyolite in composition with an Si02 gap 
between 54 and 62 weight. %. The mafic varieties are dominantly metaluminous and the 
more felsic are either metaluminous or peraluminous. 
The Mt. Washington and Clayoquot intrusive suites were formerly collectively 
known as the Catface Intrusions (Muller and Carson, 1969), but were divided into eastern 
and western belts based on geographic separation (Carson, 1973). The two belts were 
further refined and given names according to a temporal separation defined by K-Ar age 
(Massey, 1995). In that definition, the Mt. Washington intrusions were regarded as 
having been generated during an -35-47 Ma event affecting the eastern periphery and 
northwestern portions of Vancouver Island. The Clayoquot intrusions were grouped as 
an older suite (- 45-67 Ma) on the west coast. The close proximity and cross-cutting 
field relations of some Clayoquot intrusions with the Flores volcanics suggested that the 
two suites were coeval (Massey, 1995). 
New U-Pb ages (this study) supplant the older K-Ar dates and reveal that 
Massey's (1 995) temporal division which divides the intrusive suites requires minor 
revision. Plutons ranging in age from 5 1.2 Ma to 48 Ma are herein regarded as the 
Clayoquot intrusions and are broadly coeval with the Flores volcanic rocks (5 1.2-50.5 
Ma; Irving and Brandon, 1990). The Clayoquot intrusions are found only in the western 
areas of central Vancouver Island and on small islands off the west coast (ex. Flores 
Island). The Mt. Washington intrusive suite ranges in age from 41.0 Ma to 35.3 Ma and 
comprises all Tertiary plutons within the eastern clusters plus some intrusions on western 
Vancouver Island and small islands off the west coast (some were formerly considered to 
be of Clayoquot age). 
New U-Pb age determinations 
Eight new U-Pb ages on zircon were obtained from intrusions of the Clayoquot 
and Mt. Washington plutonic suites. The new U-Pb determinations provide more 
accurate ages, some of which are significantly different from the earlier K-Ar dates 
(Appendix D, Table 18; recalculated to new decay constants). 
Six plutons were dated at the Pacific Centre for Isotopic and Geochemical 
Research (PCIGR) in the Department of Earth and Ocean Sciences, University of British 
Columbia, employing conventional isotope dilution thermal ionization mass spectrometry 
(ID-TIMS). Analytical techniques are provided in Friedman et al. (2001). Interpreted 
ages, zircon descriptions, isotopic systematics and U-Pb analytical data are listed in 
Tables 1 and 2. Data are plotted on standard concordia diagrams with error ellipses and 
discordia intercepts shown at the 2 sigma level of uncertainty (Figure 4). Results for all 
samples processed at PCIGR include multiple concordant and overlapping results, 
allowing for all interpreted magmatic ages to be based upon 2 0 6 ~ b / 2 3 8 ~  data. Results for 
three of the samples indicate the presence of inherited Pb components. Upper intercepts 
of discordia lines fit through these data sets have given estimates of the average ages of 
these inherited components in the analysed grains. 
Two samples were dated at the Royal Ontario Museum (ROM) using 
conventional ID-TIMS U-Pb methods. Samples analyzed at the ROM also gave 
concordant and overlapping results allowing igneous crystallization ages to be 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































I 0,0059 Kennedy Lake stock granodiorite 36.9 f 0.2 Ma J 
Based on three concordant 
and overlapping anatyses 
B 22-1-lc 
Labour Day Lake 
- 0.013 hb-plag phyric tonalite 38.6 f 0.2 Ma 
3 Based on two 
~i concordant fractions 
3 





. 0,0078 48.8 k 0.5 Ma 
- 0.0074 
Based on four concordant 6actions 
/ /Based on concordant 
Figure 4: Concordia plots of zircon fractions used for U-Pb age determinations from 
PCIGR. Insets show close-up of ellipses and fractions used to make the age 
determination. Age of inheritance provided on the divergent line pointing towards the 
upper intercept. A) Kennedy Lake stock B) Labour Day Lake intrusion, C) Zeballos 
stock, D) Moiiarty Lake sill complex, E) Tahsis Mountain F) Tofino pluton. B and D show 
evidence of Jurassic inheritance possibly from the Island Intrusions. Sample F intrudes 
the Pacific Rim Complex and demonstrates Precambrian inheritance. A-D belong to the 




















































































































































































































































































































































































































































































































































































































































































































































































































































Figure 5: Concordia diagram for U-Pb zircon results from the Royal 
Ontario Museum. Mt. Patlicant is located in the Nanaimo Lakes area and 
has an interpreted U-Pb age of 38.6 +/- 0.1 Ma. Mt. Washington stock is 
located in the Mt. Washington area and is dated at 35.2+/-0.3 Ma. Both 
are concordant. 
Forearc magmatism in Washington and Oregon 
Paleocene to Early Eocene 
Paleocene to Middle Eocene forearc volcanicsm in Washington and Oregon is 
represented by the Coast Range Basalt Province (Snavely et a]., 1968), a voluminous 
succession of pillow basalt, pillow breccia and subaerial basalts with minor turbidite 
interbeds. The basalt succession is dated at 49-62 Ma (Wells et al, 1984) and consists of 
the Metchosin Formation on southern Vancouver Island, the Crescent Formation in 
Washington, and the Siletz River Volcanics and Roseburg Formation in Oregon. The 
basalt succession ranges in thickness from ca. 6-10 km (Clowes et al., 1987, Hyndman, 
1995) under Vancouver Island, to up to 25-35 km beneath Oregon (Trehu et al., 1994; 
Gerdom et al., 2000). The Coast Range basalts form a dominantly low-K tholeiitic 
submarine suite capped by a thin upper unit of differentiated alkalic basalt (Snavely et al., 
1968). These formations are considered to be part of the same oceanic terrane which 
accreted to the continental margin during Middle Eocene time, prior to eruption of the ca. 
45 Ma Tillamook Basalts (Snavely and MacLeod, 1974; Simpson and Cox, 1977; 
Duncan, 1982; Barnes and Barnes, 1992). A 50+/-0.6 Ma U-Pb age from a leucogabbro 
within and assumed to be coeval with the Crescent terrane suggests that magmatism may 
have continued during and after accretion (Haeussler et al., 2003). A 50 Ma U-Pb zircon 
age was obtained from an ash flow tuff at the top of the Siletz River Volcanics (Haeussler 
et al., 2003). In Oregon, the Siletz terrane is overlain by siltstone of the Yamhill 
formation. A tuff bed within the Yamhill formation was dated at 46.5 +/- 0.2 Ma U-Pb 
zircon (Haeussler et al., 2003). The Coast Range basalts have been described as a chain 
of accreted on-axis seamounts (Duncan, 1982), have been attributed to subduction of the 
Kula-Farallon ridge (Wells et al., 1984) or the Farallon-Resurrection ridge (Haeussler et 
al., 2003), or alternatively, this basalt province has been regarded as an underthrusted 
forearc basin which formed by transtension and was influenced by subduction of the 
Kula-Farallon ridge, with or without influence of the Yellowstone hotspot (Wells et al., 
1984; Massey, 1986; Babcock et al., 1992). A Recent study on paleomagnetic data 
suggests the Coast Range Basalt Province was erupted above the ancestral Yellowstone 
hotspot in the Pacific Basin at ca 60-50 Ma in a Loihi-type oceanic setting (Murphy et al., 
2003) and was subsequently tectonically underplated. 
Late Eocene 
Late Eocene basalts were erupted onto continental Washington and Oregon from 
ca. 45-34 Ma, after underplating of the Coast Range Basalt Province. These include the 
Gray's River and Goble volcanics in Washington and the Tillamook, Cascade Head, 
Cannery Hills and Yachats basalt in Oregon. The Tillamook is the oldest at 45-41.5 Ma 
(Magill et al. 1981; Haeussler et al., 2003), followed by the Gray's River and Goble 
volcanics in southwest Washington ca. 40 Ma (Beck and Burr, 1979; Wells, 1981). The 
Yachats, Cascade Head, and Cannery Hills basalts were erupted later at ca. 37-34 Ma 
(Snavely and MacLeod, 1974; McElwee and Duncan; 1982, Barnes and Barnes, 1992; 
Davis et al., 1995). Late Eocene volcanism in Washington and Oregon occurred during 
coeval calcalkaline activity of the incipient Cascade volcanic arc (Wells et al., 1981; 
Barnes and Barnes, 1 992). The Yachats basalt and Cascade Head basalts form a number 
of alkalic basalt, Hawaiite, ankaramite and hornblende trachyandesite flows overlying a 
basal unit of pillow basalt and breccia. These successions represent basin-filling 
extensional volcanism originating from discrete volcanic centers (Barnes and Barnes, 
1992). The Yachats basalt has a continental alkalic basalt signature (Barnes and Barnes, 
1992). Davis et al. (1 995) attributed the Tillamook and Gray's River basalt to 
extensional rifting and volcanism at ca 42 Ma. They proposed that another event at 36 
Ma may have resulted in the Yachats and Cascade Head basalts (Davis et al., 1995). The 
Yachats and Cascade Head basalt were regarded by Barnes and Barnes (1992) to be 
related to ridge subduction and slab window formation. 
Tectonic Model 
Necessity of a new tectonic model 
Forearc magmatism is prevalent in the Cenozoic history of Alaska, British 
Columbia, Washington and Oregon (Figure 2), and most of these forearc magmatic 
provinces have been attributed to ridge-trench interactions, or the effects of a nearby 
ridge. The majority of Paleogene tectonic reconstructions for the Pacific Basin involve 
the Farallon, Kula and Pacific plates (e.g. Engebretson et al., 1985; Stock and Molnar, 
1988; Lonsdale, 1988; Norton, 1995) with forearc magmatism typically attributed to 
subduction of the Kula-Farallon or Kula-Pacific ridges (e.g., Byme, 1979; Thorkelson 
and Taylor, 1989; Babcock et al. 1990; Sisson and Pavlis, 1993). The pattern of forearc 
magmatism, however, strongly suggests that these ridges could be responsible for only 
part of the forearc igneous activity and that at least one additional mid-ocean ridge was 
subducting beneath the forearc at the same time (Haeussler et al., 1995; 2003), an 
hypothesis which serves as a cornerstone in our model. 
The Resurrection plate 
The "additional" plate in the Pacific basin, named the Resurrection plate by 
Haeussler et al. (2003), subducted beneath North America in Paleogene time (Haeussler 
et al., 2003; Bradley et al, 2003; Kusky et al., 2003). The magnetic record of the 
Resurrection plate has been completely subducted and its existence in the Pacific Basin 
was first rationalized by the occurrence of synchronous Middle Eocene ridge-related 
magmatism in Alaska, British Columbia, and Washington (Haeussler et al., 2003). 
According to Haeussler et al. (2003), the Resurrection plate lay between the Kula 
and Farallon plates, bordered to the north by the Kula-Resurrection ridge, and to the 
south by the Farallon-Resurrection ridge. The plate was constructed such that the Kula- 
Resurrection ridge intersected the continental margin near Alaska and generated the 
eastward younging magmatism of the Sanak-Baranof belt; concurrently, the Farallon- 
Resurrection ridge intersected the trench near Vancouver Island and Washington and 
produced the Coast Range Basalt Province (Haeussler et al., 2003) and possibly the 
Walker Creek intrusions. 
The Resurrection plate was first modeled to be completely subducted by 50 Ma 
which explains the shutoff of arc magmatism in British Columbia at -50 Ma (Haeussler 
et al., 2003). However, during Late Eocene to Oligocene time forearc magmatism 
occurred in southwest Alaska, on Vancouver Island, the Queen Charlotte Islands, and in 
Washington and Oregon. These forearc magmatic centers have generally been regarded 
as the result of ridge-processes or ridge-trench interaction and slab window formation in 
individual study areas (Barnes and Barnes, 1992; Hamilton and Dostal., 2001; Kusky et 
al., 2003; Groome et al., 2003; Madsen et al., 2003) but have never been unified in a 
regional tectonic model in context with Early Eocene to Oligocene forearc magmatism. 
The persistence of concomitant forearc magmatism in widely separated areas until 
Oligocene time suggests that at a successful ridge-subduction model for forearc 
magmatism would require that at least two mid-ocean ridges and four oceanic plates 
remained in the Pacific Basin through the Oligocene. 
Purpose and Methodology 
Modeling of Pacific Basin plate tectonics from 53 Ma to the present (Figures 6- 
14) was undertaken to test the possibility that all of the forearc magmatic centers of the 
Northern Cordilleran subduction zone could have been caused by ridge subduction. The 
model was constructed under several assumptions: 1) spreading at all mid ocean ridges 
was symmetrical except where asymmetry was preserved in the magnetic record; 2) death 
of the Kula plate occurred at Chron. 18r, or ca. 40 Ma (Lonsdale, 1988; recalibrated to 
the time scale of Cande and Kent, 1995); 3) hotspots were essentially fixed relative to 
each other between 40 Ma to the present; and 4) ridges and transform faults intersect at 
90" angles. Using these constraints, the configurations of the plate boundaries were 
adjusted to fit sites of ridge subduction with forearc magmatism. The model became 
increasingly constrained in more recent time slices as the configuration of the Pacific- 
Farallon ridge is preserved in the seafloor magnetic record. Between -20 Ma to present 
the Pacific-Farallon plate boundary configuration and the location of the ridge-trench 
triple junction was reconstructed from the magnetic record after Wilson (1988). 
The shapes of the resultant slab windows are idealized, assuming no thermal 
erosion of the plate edges, no spherical shell strain, and no microplate development or 
intraplate deformation other than that illustrated in Figures 6- 14. Our model indicates that 
slab windows grew and migrated beneath North America throughout the Cenozoic and 
played a central role in Cordilleran evolution. 
Several iterations of the model were carried out, with the best-fit result involving 
the Pacific, Farallon, Kula, and Resurrection plates. As described below, our model 
shows the Resurrection plate separating into two microplates in the Middle Eocene, in the 
same way that the Farallon plate became divided into smaller plates (the Juan de Fuca 
and Rivera plates) in the Neogene. The southern microplate retains the name 
Resurrection plate, while the northern microplate is herein named the Eshamy plate, after 
Eshamy Bay in Alaska. 
The plate model spans the time interval of 53 Ma to the present and was 
constructed in 1 Ma increments on a Mercator projection using vectors calculated from 
published stage poles and recalibrated to the time scale of Cande and Kent (1995). The 
model was generated in two parts based on availability and suitability of published plate 
circuit rotation poles and hotspot rotation poles. The first part of the model spans 53-39 
Ma and was performed with respect to North America. Vectors for the Farallon and 
Pacific plates were calculated from the plate circuit rotation poles of Norton (1995). 
Kula vectors were calculated from poles of Londsale (1988) taking into account the 
proportion of asymmetrical spreading preserved in the magnetic record. Stein et al. 
(1977) documented similar asymmetry in spreading at the Pacific-Antarctic ridge. 
Resurrection plate vectors were constrained by the vectors of the bounding Kula and 
Farallon plates (i.e., with azimuths of motion intermediate between those of the Kula and 
Farallon plates), and the requirement that the Farallon-Resurrection and Kula- 
Resurrection ridges meet at a realistic -120•‹ triple junction with the Kula-Farallon ridge. 
Kula rotation poles of Norton (1 995) were not used because they are not available for 
times after 53 Ma and could not fulfill the needs of our model which is based on a Kula 
plate "death" (fusion to the Pacific plate) at Chron. 18r or -40 Ma (Engebretson et al., 
1985; Lonsdale, 1988). 
The second part of the model spans the time interval 39 Ma to the present and was 
calculated with respect to hotspots based on the stage poles of Engebretson et al. (1985). 
Vectors calculated from the stage poles of Engebretson et al. (1985) demonstrate that the 
Pacific-Farallon ridge migrated approximately northward and remained in an 
approximately stable position west of the trench during the interval 39 Ma-present, 
consistent with the detailed reconstructions of Wilson (1988) and the present position of 
the Juan de Fuca ridge. Plate circuit rotation poles (Norton, 1995) were available for this 
interval but were not used because the vectors calculated from these poles result in an 
unacceptably large migration of the model Pacific-Farallon ridge towards the North 
America trench, causing the ridge to completely subduct during the Oligocene. The 
discrepancy between calculated vectors and ridge behavior from Late Eocene to Recent 
time may be related to the complicated history of ridge propagation experienced by the 
Juan de Fuca (Pacific-Farallon) ridge beginning at -33 Ma (Wilson, 1988). Fixed- 
hotspot tectonic reconstructions, particularly those which relied on the Hawaiian- 
Emperor seamount chain (e.g., those of Engebretson et al., 1985) have been called into 
question as more recent work indicates that the Hawaiian hotspot changed its azimuth of 
motion relative to other hot spots and the North American plate at ca. 43-40 Ma, when 
the bend in the Hawaii-Emperor seamount chain formed (Norton, 1995; Tarduno and 
Cottrell, 1997). For that reason, we have restricted our use of the hotspot-framework 
poles to after the apparent swerve in the Hawaiian plume with the understanding that the 
hotspot reference frame serves as a reasonable basis for evaluating late Eocene through 
Recent plate motions. 
Complications to modeling: northward terrane transport 
Complications to tectonic modeling in the Pacific Basin exist where the 
geographical location of magmatism is drawn into question such as in the case of the 
Chugach-Prince William Terrane, and the Yakutat Terrane. The Chugach-Prince 
William Terrane (Figure l), which contains the 6 1-48 Ma intrusions of the Sanak- 
Baranof belt, was likely affected by northward transport during the Cretaceous and 
Tertiary and was possibly also involved in oroclinal bending between 66 and 44 Ma (Coe 
et al., 1989; Bradley et al., 2003) or oroclinal orogeny before 45 Ma (Johnston, 2001). 
The Yakutat terrane contains near-trench intrusions of comparable age. Both terranes 
were at uncertain locations during the Eocene, moved independently of each other, and 
docked against mainland Alaska at different times within the Tertiary (Plafker, 1986; 
Roeske et al., 2003). 
For purposes of the model below it is important to elucidate the amount of 
coastwise transport undergone by the Chugach-Prince William Terrane during the 
interval between 53 Ma to the present. From Cretaceous until Early Eocene time, the 
Chugach-Prince William Terrane likely migrated northward on an oceanic plate or as a 
forearc sliver from an original position located several hundred to thousands of 
kilometers south of its current location (Irving et al., 1996; Cowan et al., 1997; Cowan, 
2003, Bradley et al., 2003; Pavlis and Sisson, 2003; Roeske et al., 2003). 
Paleomagnetism of the Resurrection Peninsula ophiolite within the Chugach-Prince 
William Terrane suggests northward migration of as much as 13 +I- 9" since 57 Ma (Bol 
and Coe, 1992) although it is uncertain how much of the movement took place between 
formation of the ophiolite crust at 57 Ma and its incorporation into the Chugach-Prince 
William Terrane by 53 Ma (Kusky and Young, 1999; Bradley et al., 2000; Bradley et al., 
2003). Movement along the Border Ranges fault, the inboard fault along which the 
Chugach- Prince William Terrane migrated, may have been largely complete by 5 1 Ma 
(Johnson and Karl, 1985; Little and Naeser 1989; Roeske et al., 2003). Estimates of 
movement along the Border Ranges fault indicate that between Cretaceous and Middle 
Eocene time (85-5 1 Ma) the fault accommodated between 700->I000 km of 
displacement (Roeske et al., 2003). Roeske et al. (2003) concluded that this dextral 
movement ceased by approximately 5 1 Ma based on 4 0 ~ r - 3 9 ~ r  ages of sericite formed 
during strike-slip faulting. A further constraint on the motion of the Chugach-Prince 
William terrane is provided by an undeformed near-trench pluton which cross-cuts and 
pins a segment of the Border Ranges fault at 5 1 Ma (Johnson and Karl., 1985). Little and 
Naeser (1 989) provided sedimentary evidence that movement of the Border Ranges fault 
has been on the order of tens of kilometers since early Eocene time. Hillhouse and Coe 
(1 994) used paleomagnetic data on Tertiary lithologies in the inboard Wrangellia Terrane 
to conclude that subsequent to orocline formation (between 66 and 44 Ma; Coe et al., 
1989) the trench-parallel translation of outboard terranes was nearly complete. Miller et 
al. (2002) examined the inboard Denali and Iditarod-Nixon Fork faults and determined 
that there has been 38 km of dextral slip on the Denali fault since 40 Ma and only 134 km 
since 85 Ma. The Iditarod-Nixon Fork fault has undergone 88-94 krn of dextral 
displacement since 65 Ma. Taken together, geological and some paleomagnetic evidence 
suggests that the Chugach Terrane-Prince-William terrane was near its present position 
on a regional scale during the interval of the proposed tectonic model (53 Ma to present). 
Current geodetic data show movement of the Cascadia forearc with respect to North 
America suggesting that forearc fixity may have varied during the intervals in question 
(Wells et al., 1998). 
The Yakutat Terrane is a composite oceanic-continental package that underwent 
northward movement during the Tertiary. Estimates for northward movement of the 
Yakutat terrane during the Tertiary range from 5" (Plafker, 1983) to 30•‹ of latitude 
(Bruns, 1983). The Yakutat Terrane began accreting in the Gulf of Alaska during 
Miocene time (Bruns, 1983; Plafker, 1983; Plafker, 1994). Fission track data suggest that 
accretion possibly began between 19 and 14 Ma in the northwest and southeast 
respectively (0' Sullivan and Currie, 1996; Sisson et al., 2003). Continued convergence 
between the Yakutat Terrane and North America is evident from seismological and uplift 
studies (Mazzotti and Hyndman, 2002). 
Regional tectonic synthesis 
The following chronology highlights the main aspects of plate kinematics in the 
Pacific basin and the effects of ridge-trench intersection on the North American plate, 
from Early Eocene to Recent. The earlier history of plate tectonics in the Pacific basin is 
not as well constrained and the reader is directed to previous works by Atwater (1970), 
Engebretson et al. (1985), Stock and Molnar, (1988), Lonsdale, (1988), Babock et al. 
(1992), Wells et al. (1984), Haeussler et al. (2003), Groome et al., (2003) and 
Breitsprecher et al. (2003). 
Because the mid-ocean ridges of the Pacific Basin were subducting for millions of 
years prior to 53 Ma (Thorkelson and Taylor, 1989; Haeussler et al., 2003), it was 
necessary to construct a ridge-transform configuration and slab windows that would be 
"inherited by the tectonic model. For the Farallon-Resurrection slab ridge, Cretaceous 
to Paleocene ridge subduction would have created windows of uncertain geometry 
beneath British Columbia and the northwest United States. In southern British Columbia 
and the northern United States, an approximate position for the slab window was 
geochemically defined by Breitsprecher et al. (2003). For the first frame of our model, 
we used modified the Middle Eocene slab window shape and position from Breitsprecher 
et al. (2003) to be consistent with the plate motion vectors calculated for this study. This 
slab window lay underneath the Challis-Kamloops volcanic belt to account for 
anomalous arc, within plate and alkaline magmatism (Ewing, 198 1 ; Thorkelson and 
Taylor, 1989; Breitsprecher et al., 2003). The slab window related to the Kula- 
Resurrection ridge would have been created underneath British Columbia, Alaska and 
Yukon Territory, although the location of the Kula-Resurrection slab window is uncertain 
because the Chugach-Prince William terrane, which contains the Sanak-Baranof belt 
intrusions moved northward during Cretaceous to Early Eocene time. For this model, 
schematic windows were drawn underneath Alaska, Yukon and British Columbia 
according to the vectors calculated for 53 Ma. 
53-50 Ma 
From 53-50 Ma (Figure 6) the Resurrection plate was located off the coast of 
British Columbia and was bordered to the north and west by the Kula plate and to the 
south and east by the Farallon plate (Haeussler et al., 2003). This configuration satisfies 
the general requirement for two widely separated ridge-trench intersections. Along the 
continental margin, two different sets of ridge-trench intersections existed, one near 
Alaska and one west of Vancouver Island. In Alaska, the segmented Kula-Resurrection 
(K-R) ridge migrated south and east along the Chugach-Prince William terrane 
accretionary complex generating the well-documented eastward-younging age 
progression in the Sanak-Baranof Belt (eg. Haeussler et al., 1995). A series of K-R 
ridge-trench triple junctions were formed as the segmented ridge-transform geometry 
intersected the curved Alaskan trench. The multiple intersections created fraternal slab 
windows and short-lived microplates. The subducted portions of the Kula and 
Resurrection plates are modeled to be dipping at 26", and the subducted portions of the 
Farallon plate dipping at 1 lo. The K-R ridge intersections in Alaska provided a heat 
source for the high-T low-P metamorphism of the Chugach Metamorphic Complex (eg. 
Sisson and Pavlis, 1993; Pavlis and Sisson, 2003) and is consistent with both the forearc 
magmatic record and the observed the lull in Alaskan arc magmatism from 55 to 40 Ma 
(Wallace and Engebretson, 1984). Ridge-trench intersection may also help to explain the 
>53 Ma obduction of the 57 Ma Resurrection Peninsula ophiolite into the Chugach 
terrane accretionary complex (Bradley et al., 2003). 
The ridge-trench intersection located near Vancouver Island involved the 
Farallon-Resurrection (F-R) ridge. The F-R ridge-trench intersection and associated slab 
window is coincident with the Flores volcanics (5 1.2 Ma-50 Ma), the Clayoquot 
intrusions (5 1.2 Ma) and the Walker Creek suite (50.7-50.9 Ma). The F-R ridge-trench 
intersection can also be tied to the high-T low-P metamorphism of the Leech River 
Complex at 5 1 Ma. 
The F-R slab window emanated from the ridge-trench triple junction near 
Vancouver Island and extended below southern BC, Washington, Montana, Idaho and 
Wyoming. The presence of the F-R slab window below these areas is roughly coincident 
with the alkalic, within-plate and adakitic magmatism of the middle Eocene Challis- 
Kamloops Belt (Breitsprecher et al., 2003; cf. Hole et al., 1991; Johnston and Thorkelson, 
1997). Challis-Kamloops volcanism began at -53 Ma and extended from southern Idaho 
and Wyoming to northern British Columbia (figure 1). Magmatsim in the southernmost 
area of the belt are highly alkaline, within plate basalts, e.g. Montana alkaline province 
and Absaroka volcanics. The middle of the belt in southern British Columbia and the 
northern United States represents a zone of geochemical transition. The transition zone 
displays several lithologies including adakitic, alkalic, within plate and arc rocks (Ewing, 
1981; Breitsprecher et al., 2003). Volcanic complexes within the transition zone include 
the Kamloops, Princeton and Penticton Groups and the Colville Igneous Complex. The 
northern part of the belt exhibits extended-arc to backarc geochemistry (Ootsa Lake and 
Endako Goups and Clisbako Lake volcanic rocks; Ewing, 1981; Breitsprecher et al., 
2003). The spatial and geochemical relationships between transition zone magmas and 
those of within plate affinity suggest a transition from a slab edge to a slab window 
environment (Thorkelson and Taylor, 1989; Breitsprecher et al., 2003). 
Challis-Kamloops magmatism occurred during widespread pull-apart basin 
formation and core complex exhumation in British Columbia and northern Washington 
Figure 6: The first frame of the tectonic model at 53 Ma which represents a best-fit plate 
configuration for the Pacific Basin developed to account for the forearc magmatic record 
from Alaska to Oregon. The oceanic plates include the Kula plate, Resurrection plate, 
Pacific plate and Farallon plate. The oceanic portions of these plates are labeled to the 
west of the trench (represented by the toothed line) and the subducted components are 
to the east and north of the trench. Subducted oceanic crust was geometrically modeled 
to move at the same vectors as the attached plates in the ocean basin. Arrows on the 
plates represent vectors for 3 Ma of plate motion. The vectors were calculated from 
published stage poles of Norton (1995) and Lonsdale (1988) and Resurrection plate 
vectors were estimated for this study as discussed in the text. Subducted slabs are 
diagrammatically shown to terminate at the 300 km isobath on this and all subsequent 
figures. White areas to the east and north of the trench represent mantle. Mantle-filled 
gaps between subducted plates are slab windows. The 53 Ma model frame displays 
generalized slab windows beneath Alaska and British Columbia and the Pacific 
Northwest which were inherited by this model. 
(Figure 1). Core complex exhumation included the Tatla Lake Complex from 53-46 Ma 
(Friedman and Armstrong, 1988), the Monashee Complex from -63-45 (Parrish et al., 
l99O), the Shuswap Complex from -60-50 Ma (Tempelman-Kluit and Parkinson, 1986; 
Johnson and Brown, 1996; Vanderhaeghe et al., 2002) and the Valhalla Complex from 
58-56 until 52 Ma Ma (Parrish et al., 1988). The Okanagan MCC in southern British 
Columbia and northern Washington was exhumed between 52 and 45 Ma (Harms and 
Price, 1992; Parrish et al., 1988). In Idaho, the Priest River Complex began exhumation 
at -50 Ma (Doughty and Price, 1999). The Eocene regional extension, assumed high 
heat flow and core complex exhumation observed in these inboard areas may be 
manifestations of the shifting F-R slab window. This interpretation is consistent with the 
model reconstructions and location of the slab window as suggested by Breitsprecher et 
al., 2003 and Dostal et al., 2003. 
50-45 Ma 
From 50 to 45 Ma (Figure 7) forearc magmatism occurred in Alaska, the Queen 
Charlotte Islands, Vancouver Island and Oregon. In Alaska, the K-R ridge continued to 
migrate south and east and facilitated emplacement of the -50-48 Ma intrusions on 
Baranof Island which complete the Sanak-Baranof belt age progression. Farther south, at 
50-49 Ma, the F-R ridge-trench triple junction was situated in the vicinity of Vancouver 
Island, coincident with emplacement of a 48.8 Ma Clayoquot intrusion in the Tahsis area. 
From 49-45 Ma the F-R triple junction and slab window migrated southwards to underlie 
parts of Washington and Oregon. Tillamook volcanism began in Oregon at -45 Ma. 
At 47 Ma the Resurrection plate became divided into two smaller plates, although 
their subducted parts may have remained connected. This splitting of the Resurrection 
plate occurred when a large ridge-transform promontory intersected the trench near the 
southern Queen Charlotte Islands giving rise to a northern Eshamy plate and a southern 
Resurrection plate located near Vancouver. For modeling purposes the Eshamy plate is 
assumed to have moved at the same linear vector as the Resurrection plate during this 
interval, as they are joined at depth. The small slab window that was generated as the 
promontory intersected the trench is coincident with the 46.2 Ma Carpenter Bay pluton in 
the southern Queen Charlotte Islands. 
Inboard, the F-R slab extended below southern British Columbia, Washington and 
Oregon at different times. The presence of the slab window below these areas can be 
linked to the continuation of alkalic arc to within-plate magmatism in the Challis- 
Kamloops belt, and regional extension and core complex formation. Challis-Karnloops 
volcanism occurred in both the northern and southern regions of the belt but was 
beginning to wane and by 45 Ma was essentially complete. The Wolverine core complex 
underwent exhumation from 50-42 Ma, and the Shuswap Complex underwent a second 
exhumation event -45 Ma (Vanderhaeghe et al., 2002). The Okanagan core complex in 
southern British Columbia and northern Washington was exhumed by 45 Ma (Harms and 
Price, 1992; Parrish et al., 1988). In Idaho, the Priest River Complex was becoming 
exhumed between 50 and 45 Ma (Doughty and Price, 1999), and the Tatla Lake core 
complex finished exhumation at 46 Ma (Friedman and Armstrong, 1988). Normal arc 
magmatism represented by Tertiary plutons in the Coast Plutonic Complex became 
markedly reduced at -50 Ma. 
The forearc tectonic history between 50 and 45 Ma is complicated by the 
accretion of the Coast Range Basalt Province. Underplating of this large basalt province 
may have caused an outboard jump of the paleotrench near Oregon, Washington and 
Vancouver Island. On southern Vancouver Island, accretion of the Metchosin Igneous 
Complex portion of the basalt province is linked to the generation of the Cowichan Fold 
and Thrust System of England and Calon (1991) and formation of an Eocene orocline 
(Johnston and Acton, 2003). Accretion of the Metchosin Complex may have begun as 
early as 50 Ma as suggested by rapid cooling and exhumation of the Leech River 
Complex (through 400 "C by 45 Ma; Groome et al., 2003). Timing of accretion is less 
well-constrained in Washington and Oregon, but likely occurred at approximately the 
same time. 
45-40 Ma 
Between 45 and 40 Ma (Figure 8) forearc magmatism was concurrent in Alaska, 
on Vancouver Island, and in Oregon. The Kula-Eshamy (K-E) ridge intersected the 
trench near the St. Elias Mountains and provided the heat source for the creation of a 42 
Ma gabbro body near John's Hopkins Inlet. Farther south, the F-R ridge was migrating 
northward from its position near Oregon where the Tillamook volcanics were being 
erupted (ca. 45-42 Ma) to a position near Vancouver Island. By 41 Ma the F-R ridge was 
located offshore of Meares Island. The F-R ridge was linked with the initiation of the Mt. 
Washington intrusive event, marked by the emplacement of the 41 Ma Ritchie Bay 
pluton. An important feature of this time interval is the first intersection of the Kula- 



































































































































































































































































































































































































































































































located offshore in the Pacific Basin at all earlier times and first intersected the 
continental margin in Oregon at 40 Ma. The slab windows generated in Washington and 
Oregon in this interval by both the F-R and K-F ridges were small and concentrated near 
the trench. The onset of magmatism in the Cascade volcanic arc at -42 Ma was 
apparently unaffected by these windows. Initiation of Cascade volcanism may have been 
coincidental with steepening of the subducted Farallon plate subsequent to tectonic 
underplating of the Coast Range Basalt Province. 
Inboard, the slab window underlay parts of central and southern British Columbia 
and at 40 Ma underlay most of Washington. Challis-Kamloops belt magmatism ceased in 
British Columbia at -45 Ma, as did most inboard extension and core complex 
exhumation. This progressive magmatic shutoff may be related to thermal re- 
equilibration of the crust with upwelling mantle in the slab window. Alternatively the 
shutoff may be an artifact of sparse dating. In the northwestern United States, numerous 
dates of -35 Ma have been obtained for upper flows in the Challis-Kamloops belt, but in 
southern British Columbia there is a paucity of reliable data. A few Late Eocene to 
Early Oligocene ages have been obtained in British Columbia. Lamprophyre dikes in the 
Nass River and Whitesail Lake areas have ages as young as -33-35 Ma. Breitsprecher 
(200 1) obtained a -35 Ma Ar-Ar whole rock age for a lava flow in the Kamloops Group. 
40-35 Ma 
Tectonic reconstructions indicate that -40 Ma (Chron 18r) was a time of major 
plate reorganization that resulted in the fusion of the Kula plate to the Pacific plate 
(Engebretson et al, 1985; Lonsdale, 1988). This event, known as the "death" of the Kula 
plate (Engebretson et al., 1985; Lonsdale, 1988), resulted in the Kula plate moving 
according to the Pacific plate Euler pole (Engebretson et al, 1985; Lonsdale, 1988), i.e., 
approximately parallel to the coastline of southeastern Alaska. According to our tectonic 
model, most of the Resurrection plate had been subducted by this time, however, the 
Eshamy plate and a small microplate near Queen Charlotte Islands remained (Figure 9). 
These microplates are assumed to have fused to the Pacific plate during Kula death and 
hence began to move as part of the Pacific plate at 40 Ma. 
Despite the death of the Kula and Eshamy plates at 40 Ma, forearc magmatism 
continued in Alaska, on Queen Charlotte Islands, Vancouver Island and in Washington 
and Oregon. Magmatism in Alaska was scattered between the Prince William Sound area 
and the St. Elias Mountains and Baranof Island areas. In our tectonic model, the young 
extinct ridge associated with the Eshamy plate was located approximately 500 km from 
the main locus of late Eocene to Oligocene forearc magmatism in Prince William Sound. 
This recently fossilized ridge would experience thermal erosion of the thin, young slab 
along the subducting ridge crest and could still generate forearc melting (Severinghaus 
and Atwater, 1990; Thorkelson and Breitsprecher, in press). If the extinct Eshamy-Kula 
ridge was instead located in Prince William Sound, melting associated with this 
northward-migrating feature would be a realistic way to generate the localized pulse of 
magmatism seen in that area. 
Another group of Late Eocene to Oligocene to Miocene forearc plutons is 
preserved in the St. Elias Mountains and on Baranof Island in Alaska which spatially and 
temporally coincide with the Admiralty Island volcanics. These plutons and volcanics 
are poorly dated, but magmatism may have persisted into Miocene time. The tectonic 
Figure 9: Time slice of the tectonic model at 39 Ma. This is the 
second phase of the tectonic model and was performed with 
respect to hotspots using the stage poles of Engebretson et al. 
(1985). At 40 Ma the Kula and Eshamy plates became fused to 
the Pacific plate. The Pacific plate began to move in approximately 
transform motion with respect to the Queen Charlotte transform 
and initiated extension in the Queen Charlotte Basin (discussed in 
text). Note the small North America vector. The subducted 
Resurrection remnant is assumed to move at the same vector as 
before it was fully subducted. The newly extinct ridge in the Gulf of 
Alaska is still able to impart a thermal pulse into the forearc of 
Alaska. Vectors represent 3 Ma of plate motion. 
model shows that a small extinct slab window generated at the formerly active Eshamy- 
Kula boundary may have migrated under this region between 40 and 30 Ma. This model 
slab window was 100 krn wide and lay between two crustal scale breaks which were 
formerly active as Eshamy-Kula oceanic transform faults. 
The capture of the Kula plate by the Pacific plate initiated highly oblique 
subduction to transform-style movement along the Queen Charlotte fault which was in 
marked contrast to the previous convergence by the Resurrection and Kula plates. The 
postulated change in plate motion to more oblique subduction may be linked to the 
observed initiation of extension in the Queen Charlotte Basin (Hyndman and Hamilton, 
1993). Basin formation was coeval with emplacement of several Kano plutons, 
formation of dike swarms, and eruption of voluminous Masset lava and tephra (Hyndman 
and Hamilton, 19%). This magmatism was also coeval with slab window formation, 
which may have aided extension in the area and was responsible for the E-MORB 
geochemistry of the Masset basalts (Hamilton and Dostal., 2001). Kano intrusions in this 
interval range from 39-35 Ma in a northward younging age progression. The northward 
younging trend suggests diachronous emplacement associated with a migrating slab 
window. A large slab window grew underneath British Columbia between 40 and 35 Ma 
as the subducted Resurrection plate foundered into the mantle and the Pacific-Farallon 
(P-F) slab window began to open. The gradual opening of the P-F slab window beneath 
Vancouver Island resulted in the broad northward younging magmatic trend displayed by 
the Mt. Washington intrusions. This trend began on southern Vancouver Island with 
emplacement of the 38.6 Ma Nanaimo Lakes area intrusions and culminated with the -35 
Ma Zeballos and Mt. Washington area intrusions on northern Vancouver Island. 
In Washington and Oregon voluminous mafic, tholeiitic to alkalic composition 
forearc volcanism occurred in a syn-extensional setting throughout this interval (Barnes 
and Barnes, 1992; Davis et al., 1995). This intraplate character forearc magmatism is 
represented by the Cascade Head, Cannery Hills, Yachats, Goble and Gray's River 
basalts. A small, trench-localized P-F slab window was present below Washington and 
Oregon throughout this interval and can be linked to the forearc magmatism, anomalous 
geochemical signatures, and extension in the area. This forearc magmatism was 
synchronous with Cascades arc-related magmatism and was dominantly submarine but is 
subaerial near the top of the succession. 
35-25 Ma 
Between 35 and 25 Ma the last vestiges of the captured Eshamy plate were 
subducted and, aside from the Admiralty Island area, forearc magmatism ceased in 
Alaska (Figure 10). Farther south, the Pacific-Farallon slab window migrated northwards 
away from Oregon where forearc magmatism was also shutting off. Northward slab 
window migration was facilitated by subduction of a long P-F transform segment. In the 
forearc area, the P-F slab window lay beneath Vancouver Island and the Queen Charlotte 
Islands. 
Forearc magmatism was widespread and voluminous on the Queen Charlotte 
Islands, as represented by the Kano intrusions, Masset volcanics and Tertiary dike 
swarms. The Kano intrusions were emplaced between 35 and 26.8 Ma in a northward- 
younging suite (Anderson and Reichenbach, 199 1 ). Masset volcanism and related diking 
were active throughout this interval. All were emplaced in an extensional to 
Figure 10: Time slices of the tectonic model at A) 35 Ma and B) 30 Ma. 
In frame A, slab windows are opening beneath Washington, Vancouver Island, 
Queen Charlotte Islands; asthenosphere underlies most of British Columbia. 
The subducted portion of the Resurrection plate has foundered into the mantle 
since 39 Ma. The extinct ridge in the Gulf of Alaska remains in a stationary 
position during subduction. In Frame B the slab window which was underlying 
Washington has migrated north to underlie southern British Columbia. The 
Resurrection plate remnants have equilibrated with the mantle, and a vast slab 
window is present beneath British Columbia. Late Oligocene to Recent 
magmatism is beginning inboard of the trench. Arrows shown represent 3 Ma 
of plate motion. 
transtensional setting, evidenced by north-south trending dike swarms and plutons, and 
graben-filling volcanics. Extension may have been the combined result of transform 
motion and slab window migration underneath the area. The E-MORB character of 
several Masset basalts provides geochemical evidence that sub-slab mantle came into 
contact with North American lithosphere via the slab window (Hamilton and Dostal, 
200 1). Northward younging of the Kano intrusions is consistent with northward slab 
window migration. 
On Vancouver Island, Eocene forearc magmatism was complete by 35 Ma 
(Madsen et al., 2003), however, the tectonic model suggests that a slab window was 
present underneath this area throughout most of the 35-25 Ma interval. Mt. Washington 
suite intrusions and Flores volcanics are commonly cross-cut by late-stage dikes of 
unknown age which are possibly related to the persistent presence of this heat source. 
These dikes were emplaced after solidification of the plutons they cross-cut. 
During this interval the slab window no longer extended beneath Washington and 
Oregon. This configuration is consistent with cessation of forearc magmatism in that 
region at -33 Ma (Barnes and Barnes, 1992) and the continuing arc magmatism of the 
Cascades chain. By 25 Ma the P-F ridge had reached a stable position in Queen 
Charlotte Sound. 
As forearc magmatism waned, arc-related and anomalous transitional to alkalic 
and within plate basaltic magmatism began to flourish (Figure 11). Subduction-related 
magmatism of the Pemberton volcanic belt began at -29 Ma (K-Ar whole rock; Souther 
and Yorath, 1992). East and north of the Pemberton volcanic belt, the Chilcotin plateau 
basalts commenced their long eruptive history. The Chilcotin basalts comprise a series of 
transitional to alkalic basalt flows that began erupting at -3 1 Ma (K-Ar whole rock; 
Mathews, 1989) and now cover over 50 000 km2 of south-central British Columbia. 
Some Chilcotin group basalts are geochemically and isotopically similar to Pacific 
seamounts and appear to have been generated from partial melting an oceanic mantle- 
type source beneath British Columbia (Bevier, 1983). Other flows within the Chilcotin 
plateau are geochemically more akin to transitional and backarc volcanism (Bevier, 
1983). Chilcotin basalt geochemistry suggests that the alkalic and within-plate basalts 
were generated from melting of mantle source with little crustal influence. The 
transitional basalts are described as backarc-type and have a small crustal influence that 
may be provided by the nearby subducted Juan de Fuca slab. 
The onset of subduction-generated arc volcanism in the southern Pemberton belt 
at -29 Ma implies that the Juan de Fuca slab was present below southern British 
Columbia during this time interval. This also coincides with a sunducted Juan de Fuca 
slab-edge beneath the Chilcotin plateau. Initiation of Pemberton belt arc magmatism 
occurred in a northward younging succession beginning with the Chilliwack batholith 
(straddling Washington- British Columbia border) at 29 Ma. Farther north within the 
belt, the Coquihalla Volcanics erupted from -2 1-22 Ma, followed by 16- 17 Ma 
volcanism near Pemberton. The Salal Creek stock in the northern area of the belt is -8 
Ma and the northernmost Pemberton volcanic center in the Franklin Glacier area is dated 
at 6.8 Ma (Baadsgaard et al., 1961; Richards and White, 1970; Richards and McTaggart, 
1976; Wanless et al., 1978). The northward younging of Pemberton arc volcanic activity 
suggests that a slab-window edge was migrating northward underneath British Columbia 
between at least the onset of arc volcanism at 29 Ma and eruption of the northernmost 
volcano at 6.8 Ma. The relationship between the Chilcotin plateau and Pemberton 
volcanic belt indicates that central British Columbia was proximal to a slab edge or above 
a slab window at different times within this interval. This magmatic relationship 
provides a rough estimate of where the slab window edge may have been in British 
Columbia at -30 Ma. This location is consistent with the model reconstructions (Stacey, 
1974; Thorkelson and Taylor, 1989), which suggest that the slab window lay beneath 
most of British Columbia and Yukon, with a southern boundary situated underneath the 
Chilcotin plateau. 
25-15 Ma 
The name Juan de Fuca plate applies to a remnant of the former Farallon plate after -28 
Ma. The name change was necessary as the Farallon plate became segmented when the 
East Pacific Rise intersected the continental margin offshore of California. The northern 
segment became known as the Juan de Fuca plate, and the southern remnant, the Rivera 
plate. 
Between 25 Ma and 15 Ma, the Pacific-Juan de Fuca (formerly Pacific-Farallon) 
ridge-trench intersection remained in a semi-consistent position in Queen Charlotte 
Sound while the Pacific-Juan de Fuca ridge underwent a series of ridge-propagation 
events (Figure 12; Wilson, 1988). In the forearc, the Queen Charlotte Islands were 
situated above the slab window but in close proximity to or partially overlying the edge 
of the subducted Pacific plate. On the Queen Charlotte Islands, syn-extensional Masset 
volcanics and related dikes were apparently still being emplaced, according to the 
youngest igneous date of 11 Ma (K-Ar whole rock). 
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Figure 12: Time slice of the tectonic model at 20 Ma. After 28 Ma the Farallon plate is 
referred to as the Juan de Fuca plate. The black Y-shaped feature represents the Great 
Magnetic Bight now preserved offshore Alaska. During this interval a large slab window 
was present under northern British Columbia and parts of Yukon Territory, and was 
responsible for anomalous inboard magmatism shown in Figure 11. Vectors represent 3 
Ma of plate motion. 
Farther inboard, the Pacific-Juan de Fuca slab window was located under the 
northern half of British Columbia and the Yukon Territory, and arc volcanism and 
ubiquitous alkalic mafic volcanism commenced. In Alaska, arc volcanism of the 
Wrangell volcanic belt began at -26 Ma followed by the transitional and alkalic 
volcanism of the Wrangell volcanic field at - 18 Ma. Alkalic and transitional Wrangell 
lavas have geochemical signatures consistent with melting and mixing between E- 
M O W ,  N-MORE3 and slab derived components and have been described as leaky 
transform magmatism (Skulski et al., 199 1). However, a preferred depiction is that this 
volcanic succession was generated above the northeastern edge of the large Pacific-Juan 
de Fuca slab window that underlay most of northern British Columbia and Yukon 
(Thorkelson and Taylor, 1989). 
In southern British Columbia, the subduction-driven arc magmatism of the 
Pemberton volcanic belt continued. East and north of the Pemberton arc, new 
voluminous mafic and alkalic magmatism of non-subduction character also became 
active. This new inboard activity included the northern Cordilleran volcanic province; 
(Edwards and Russell, 1999) and the Cheslatta Lake suite portion of the Chilcotin basalts 
(Anderson et al., 2001). The Cheslatta Lake suite comprises a mafic igneous suite of 
alkaline to transitional basalt and began erupting in mid-Miocene time -21 Ma. Cheslatta 
magmatism is dominantly alkalic, and some flows demonstrate near primitive-mantle 
melt compositions and/or ultramafic mantle-derived xenoliths (Anderson et al., 2001). 
These magmas have been interpreted as melts of an ocean island-type mantle source. 
The Northern Cordilleran Volcanic Province comprises a large volcanic belt that 
extends across the Yukon Territory and northern British Columbia between the Tintina 
and Denali faults and includes volcanic centers previously assigned to the Stikine 
volcanic belt. Volcanism associated with the Northern Cordilleran Volcanic Province 
began at -20 Ma in northern British Columbia and Yukon, but was minor in this time 
interval. The volcanic rocks are dominantly alkali olivine basalt, hawaiite with lesser 
nephelinite, basanite, peralkaline phonolite, trachyte and comendite. The most Mg-rich 
and alkalic basalts of the volcanic province have trace element characteristics consistent 
with an ocean island basalt source and have been compared to young basalts of the U.S. 
Basin and Range province (Edwards and Russell, 1999; 2000). The Northern 
Cordilleran Volcanic Province has been described as the product of incipient continental 
rift magmatism above a slab window, with eruptive events governed by periods of 
compression and tension of the continental margin related to subtle changes of the 
motions of the Pacific plate relative to North America (Edwards and Russell, 1999; 
2000). 
15-5 Ma 
From 15 Ma to 5 Ma the Pacific-Juan de Fuca ridge continued to propagate and 
migrated a small amount between Queen Charlotte Sound and northern Vancouver Island 
(Figure 13). In the forearc area, the eastern portion of the Queen Charlotte Islands was 
underlain by the Pacific-Juan de Fuca slab window, but the western areas were possibly 
underlain by a small protrusion of subducted Pacific plate. Queen Charlotte Basin 
extension was completed in this interval, and the Queen Charlotte fault became more 
transpressive or had a larger component of oblique subduction starting at -6 Ma (Rohr et 
al., 2000). 
During this interval, Vancouver Island was dominantly underlain by subducted 
slab of the Juan de Fuca plate. However, at ca. 9-8 Ma the southern border of the 
window migrated south during a ridge adjustment. The migration of the slab window 
below Vancouver Island was concurrent with onset of volcanism of the Alert Bay 
volcanic belt at -8 Ma on northern Vancouver Island. The Alert Bay belt forms a trench- 
normal linear trend of alkalic volcanics and minor intrusions that persisted until -2.5 Ma. 
Armstrong et al. (1985) attributed this volcanic belt to plate-edge related magmatism 
generated near the subducted edge of the Juan de Fuca plate. 
In inboard areas, the Pacific-Juan de Fuca slab window underlay northern British 
Columbia and Yukon Territory. A new magmatic chain, the Anahim volcanic belt, was 
established while mafic mantle-derived magmatism of the Chilcotin Group and the 
northern Cordilleran volcanic province persisted. The Anahim volcanic belt is a west- 
east trending chain of alkaline basalts and associated peralkaline differentiates that began 
erupting at -14.5 Ma in the west and progressed to -7 ka in the east (K-Ar; ages 
summarized in Bevier, 1989). 
Anahim belt basalts are mantle-derived with little to no crustal signature. 
Strontium and lead isotopes suggest that the Anahim volcanic belt was derived from a 
mantle source similar to that which generated Pacific Ocean seamounts (Bevier, 1989). 
The age progression and linear trend of magmatism is a possible result of hotspot activity 
(Bevier et al., 1979; Bevier, 1989), however, the Anahim belt has also been described as 
an edge-effect of the subducted Juan de Fuca plate in the mantle (Stacey, 1974). The 
model indicates that subducted plate-edge effects form the most plausible explanation for 
the generation of the Anahim belt. 
Figure 13: Time slices from the tectonic model at A) 10 Ma and B) 5 Ma. A 
large, stable slab window present underneath northern British Columbia has 
persisted until present. Queen Charlotte Islands are possibly underlain by a 
small protrusion of Pacific plate but the plate boundary may instead be 
transpressional. Regardless, Queen Charlotte Islands are dominantly underlain 
by asthenosphere and not subducted Pacific slab. Vectors displayed on plates 
represent 3 Ma of plate motion. 
Between 15-5 Ma the Chilcotin plateau basalts and the Northern Cordilleran 
Volcanic Province experienced pulses of activity. Increased activity in the Chilcotin 
plateau occurred at 16-14 Ma and 9-6 Ma (Mathews, 1989). The central part of the 
Northern Cordilleran Volcanic Province exhibited a magmatic pulse from 8-4 Ma 
(Edwards and Russell, 1999). 
5 -0 Ma 
From 5 Ma to present, ridge propagation and fracture development complicated 
the tectonic history of the Juan de Fuca ridge. At -4 Ma the Juan de Fuca plate fractured 
along the Nootka fault zone during an interval of ridge propagation, reorientation, 
asymmetric spreading and transform elongation (Riddihough, 1 977; 1 984; Wilson, 1 98 8; 
Botros and Johnson, 1988). The northern section of the Juan de Fuca plate became the 
Explorer plate (Figure 14). After this separation, the two plates moved independently, 
with the Juan de Fuca plate continuing to subduct with a similar vector as before and the 
Explorer plate progressively slowing as it jammed against the North American plate and 
later became partially coupled to the north-moving Pacific plate (Riddihough, 1977). The 
independent movement of the Explorer plate suggests that both the subducted and 
oceanic portions of the Juan de Fuca plate tore away from the Explorer plate along the 
Nootka fault, eliminating the effect of slab pull on the Explorer plate and allowing the 
Juan de Fuca plate to continue to subduct unimpeded. As depicted by Riddihough (1977), 
the Nootka fault continues beneath North America. We suggest that the subsurface 
Nootka fault describes a small circle about the Euler pole of the Juan de Fuca plate, and 
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Figure 14: The final frame of the tectonic model that depicts the present day tectonic 
setting of Alaska, Yukon Territory, British Columbia, Washington and Oregon. At 4 Ma 
the Explorer plate broke free from the Juan de Fuca plate, possibly along the small 
circle defined by the Juan de Fuca Euler pole as depicted above. Superimposed on 
this diagram are forearc and inboard magmatic features. These magmatic features 
are Late Oligocene to Recent in age. LM= Level Mountain, ME= Mt. Edzizza. 
separates the subducted slabs of the Explorer and Juan de Fuca plates underneath the 
interior areas of British Columbia. 
The Wells Gray- Clearwater volcanic field was established in British Columbia at 
-3.5 Ma and was active into Holocene time (Hickson, 1986). This volcanic field is 
located in southeastern BC, -250 km inboard of synchronous Garibaldi arc magmatism 
and is along-strike from the oceanic expression of the Nootka fault zone. The volcanics 
are dominantly alkali olivine basalt, with some flows containing mantle xenoliths. Sr and 
Pb isotopes reflect contamination by a radiogenic crustal component, possibly from the 
underlying Kootenay terrane (Bevier, 1989). Basalts of the Wells Gray-Clearwater field 
have been regarded as the far eastern extent of the Anahim volcanic belt (Rogers and 
Souther, 1983; Hickson and Souther, l984), however this relationship is questioned 
because the age-location trend does not extend into the Wells-Gray Clearwater area, and 
the Wells Gray-Clearwater field is not along trend with the Anahim belt (Souther, 1986; 
Hickson, 1986). The Wells Gray volcanics have previously been attributed to thinning 
crust and the presence of crustal penetrating structures (Gabrielse and Yorath, 1991; 
Hickson, 1987; Hickson et al., 1995). 
We suggest that the subducted extension of the Nootka fault may be the 
underlying cause of the alkalic composition of the Wells Gray-Clearwater volcanic field. 
The magmatism may have been largely generated by asthenospheric upwelling facilitated 
by displacement along the fault. If the fault had a component of vertical tearing, to 
accommodate possible different dip angles between the Explorer and Juan de Fuca slabs, 
sub-slab asthenosphere could flow upward into the mantle wedge. Similarly, if the 
displacement had a component of extension, a horizontal slab window-like gap would 
have formed, again providing a pathway for upwelling mantle. In both cases, the 
uprising asthenosphere could have undergone low degrees of decompressional melting 
and interacted with North American lithosphere to yield within-plate compositions. 
Chilcotin volcanism, Anahim belt volcanism and northern Cordilleran volcanic 
province magmatism remained active into Holocene time. The Chilcotin plateau 
experienced a pulse at 3 Ma (Mathews, 1989), and the northern Cordilleran region 
experienced a pulse at 2 Ma (Edwards and Russell, 1999). After -3 Ma the Pemberton 
volcanic belt shifted westward and the present day Garibaldi volcanic belt was 
established (Ban and Chase, 1974; Green et al., 1988). This westward shift of arc 
volcanism occurred within the portion of the Pemberton belt overlying the subducting 
Juan de Fuca plate and may be related to steepening of the Juan de Fuca slab after the 
breakoff of the Explorer plate (Green et al., 1988), providing evidence for different dip 
angles between the subducting Explorer and Juan de Fuca slabs and supports the 
existence of a vertical gap between the two plates at depth, as suggested for the Wells- 
Gray Clearwater field. 
The Salal glacier volcano of the Garibaldi volcanic belt is situated immediately 
south of the projected subsurface expression of the Nootka transform (Lawrence et al., 
1984; Green et al., 1988). This volcano is associated with basaltic and alkalic volcanism, 
which contrasts with the normal calcalkaline magmatism of the Garibaldi belt. Lawrence 
et al. (1984) postulated that this anomalous magmatism is related to the mantle 
interaction with subducted edge of the Juan de Fuca plate and/or Explorer plates in the 
vicinity of the subducted Nootka transform. 
An outburst of Quaternary age volcanism occurred in the interior of British 
Columbia, east of the Garibaldi volcanic arc. The Quaternary Okanagan valley basalts 
are distinguished from older flows by their valley-filling morphology. These valley 
basalts have not yet been geochemically characterized. 
The last frame of the model shows a large slab window extending below northern 
British Columbia and Yukon. It is bounded to the west by a small amount of subducted 
Pacific plate that has subducted below Queen Charlotte transform fault. Geophysical 
studies of the Queen Charlotte region however suggest that the North America and 
Pacific plates may instead be in a transpressive regime (Mackie et al., 1989; Rohr et al., 
2000) suggesting that the subduction component shown by the calculated vectors may 
instead be taken up as transpression. If this is the case, the slab window would be 
bounded to the west by the Queen Charlotte fault, and the flange of subducted Pacific 
crust may have been thermally eroded, or may have tom away from the trench and 
foundered into the mantle. The model is consistent with the work of Frederiksen and 
Bostock (1998) who suggested that low velocity anomalies observed in the northern 
Cordillera are due to upwelling mantle in a slab window setting near the subducted edge 
of the Pacific plate. Further, Preece and Hart (2004) have documented adakitic volcanic 
centers within the <5 Ma Wrangell Volcanic Belt near the proposed subducted edge of 
the Pacific Plate. These adakites may be attributable to slab-edge melting in this slab 
window environment. 
According to our tectonic model the southern boundary of the slab window 
presently lies just north of Vancouver Island. Inboard, the southern slab window 
boundary is a complex zig-zag configuration strilung 030•‹, NNE. The subducted slab 
surface expression which was terminated at the 300 km isobath is located near the British 
Columbia- Alberta border, approximately parallel to and 925 km from the trench. The 
present day slab window underlies the Northern Cordilleran Volcanic Province and the 
subducted slab edge is situated near the northwest extent of the Chilcotin Plateau. 
Conclusions 
This paper provides a new plate tectonic model for the northeastern Pacific Basin 
and northwestern North America from 53 Ma (Middle Eocene) to present. Most Eocene 
to Recent forearc magmatism that occurred within in a semi-continuous belt along the 
forearc areas of Alaska, British Columbia, Washington and Oregon, is explainable in 
terms of ridge subduction and slab window tectonics. The model was constructed in 1 
Ma increments where movement of oceanic plates and ridge-transform sets was governed 
by linear vectors (Engebretson et al., 1985; Londsdale, 1988; Norton, 1995). The model 
subscribes to the interaction of spreading ridges and oceanic transforms with the 
subduction zone as the principal cause of forearc magmatism. Eight new U-Pb dates for 
forearc magmatism on Vancouver Island were integrated with previously published dates 
for Alaska, British Columbia (Queen Charlotte Islands and Vancouver Island), 
Washington and Oregon to provide the space-time framework for tectonic reconstruction. 
The location of the plate boundary intersections and associated slab windows were 
constrained primarily by the distribution and age of well-dated forearc igneous centres 
until approximately 20 Ma when the configuration and location of ridge-trench 
intersections becomes constrained by the magnetic record. The forearc magmatic record 
is not reconcilable with the Kula-Farallon slab window alone (Haeussler et al; 2003 and 
references therein; Breitsprecher et al., 2004), and is instead better explained by 
concurrent development of slab windows involving ridges among the Kula plate, Farallon 
plate, Resurrection plate (Haeussler et al., 2003) and Eshamy plate. 
Despite the forearc emphasis of the model, the positions of plate boundaries and 
slab windows of the multi-ridge subduction model also agree with inboard magmatic and 
structural features of the Cordillera including the Challis-Kamloops magmatic belt, the 
Chilcotin plateau, the Anahim volcanic belt, the Northern Cordilleran Volcanic Province, 
the Wrangell volcanic belt and Edgecumbe volcanic field. The model is also in accord 
with the onset of arc volcanism in the Pemberton and Garibaldi belts and the anomalous 
Wells Gray-Clearwater volcanic field. Regional tectonic features explained in the 
context of the slab window model include widespread Eocene-aged exhumation of core 
complexes, strike-slip faulting throughout northwestern North America, and the 
formation, transport and accretion of Eocene terranes such at the CrescentISiletz and 
Yakutat terranes. Altogether, the Cenozoic magmatic history of northwestern North 
America is well-explained by slab window formation and migration. 
CHAPTER 3- 
GEOCHEMISTRY, PETROGRAPHY AND FIELD 
RELATIONS 
Geochemical data and treatment and summary offindings 
This project targeted forearc igneous rocks on Vancouver Island. Twenty-one plutons 
and two exposures of the Flores volcanics were described and sampled, and one or two 
geochemical samples were obtained from each. The resulting geochemical database 
(Tables 12 and 13) includes 37 samples with major and trace element analyses. Data 
treatment involved geochemical characterization, determination of tectonic affinity and 
probable source rocks, fractional crystallization modeling (Appendix B), and resulted in 
an advance in our understanding of forearc adakites, discussed in chapter 4. 
The Mt. Washington and Clayoquot intrusions, and the Flores volcanics (Figure 
3), comprise the forearc magmatism examined for this study. Geochronology, field 
observations, and, geochemistry suggest that the three igneous suites are petrogenetically 
distinct from one another, and that intrusions within each of the intrusive suites constitute 
single batches of magma with little or no connection to adjacent plutons. This statement 
is made for four principal reasons: 1) fractional crystallization modeling was 
unsuccessful in relating geochemistry of adjacent plutons, 2) the large geographic 
separation relative to small intrusion size, coupled with the hypabyssal nature of the 
plutons suggests that magma chambers are localized and discrete, 3) geochronology 
reveals that plutons within a small geographical region may be separated by - 1 Ma 
(Nanaimo Lakes area) to -14 Ma (Kennedy Lake area) and 4) trace and rare earth 
element geochemistry indicates different source rocks. 
Summary of Regional geochemical and physical similarities between 
suites 
The Mt. Washington and Clayoquot intrusions and Flores volcanic rocks share 
broad geochemical similarities and the two intrusive suites display similar emplacement 
styles and petrographic features. Eocene forearc intrusions and volcanics on Vancouver 
Island resemble calc-alkaline arc-like rocks despite their forearc position. All plutons 
and volcanics sampled display arc-like geochemistries, however mafic to intermediate 
samples (SO2 < 63 wt %) also demonstrate a component of MORB-like behaviour. All 
samples are rare earth element enriched on chondrite normalized plots, with a greater 
degree of LREE enrichment over the HREE (Figure 15). N-MORB normalized trace 
element variation diagrams demonstrate arc-like patterns with LILE and incompatible 
element enrichment and negative Nb-Ta anomalies (Figure 15). On trace element 
discrimination diagrams all samples plot as volcanic arc granites (Figure 16). The rocks 
are calcalkaline (Figure 16), subalkaline, and range from low to high K (Figure 17). 
Mafic samples demonstrate MORB affinities on discrimination plots involving Ti, V, La 
and Nb (Figure 18). However, this MORB character is not obviously reflected in the 
trace element variation diagrams or rare earth element patterns. 
Adakite geochemical signatures are evident in several samples from the Flores 
volcanics and select samples from the Clayoquot intrusions and Mt. Washington 
intrusions (Figure 19) and are discussed in a subsequent section. 
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D) La vs. Th from Gill (1981). These plots are useful for discriminating between arc, N- 
MORB and E-MORB character. Vancouver Island demonstrates MORB affinity with 
regards to compatible and immobile elements but the LaIBa diagram demonstrates the 
influence of a fluid-mobile component as most samples plot within the arc field. These 
affinities are not obvious on trace element variation diagrams. 
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Figure 19- LaIYb vs. Yb plot 
identifying adakitic samples on 
Vancouver Island. The rocks 
plotted within the adakite field 
fit all geochemical criteria for 
adakite. 
Comparison of REE patterns for the Mt. Washington and Clayoquot intrusions 
and Flores volcanics with those from Devonian to Jurassic Wrangellian lithologies 
(Figure 20) display a depletion of HREE beyond that of Wrangellian samples. These 
values of HREE (for example Yb= 0.6- 1.6) are much lower than for Wrangellian 
lithologies and values expected for normal arc magmatism (Yb >2). The HREE depletion 
suggests that if the forearc magmas are derived, at least in part, from Wrangellian 
lithologies, the melt would require an additional input of a HREE depleted source, or 
more likely, the presence of garnet andlor amphibole in the restite phase. The unusual 
HREE depletion and low K (0.23-1.5 wt %) (Figure 17) of several unaltered Tertiary 
intrusions on Vancouver Island may be explained by partial melting of an amphibolite 
source (Figure 2 1). Previous Sm-Nd, Rb-Sr and Pb-Pb isotopic data for Vancouver 
Island Tertiary magmatism (Andrew and Godwin, 1989: Andrew et al. 1991) provide 
further constraint on source rocks. This information is summarized in Appendix B, Table 
17, Figure 47. 
Intrusive styles and petrography are similar between the two suites. All intrusions 
visited were hypabyssal, were emplaced as small stocks, dikes, sills and plugs, and have 
sharp contacts with country rock. The largest pluton is the Zeballos stock which is 
approximately 10 krn long and 6 km wide, whereas other intrusions are as small as 800 m 
x 800m, (e.g. the pluton near Bainbridge Lake in the Nanaimo Lakes area). Lithologies 
range from medium-grained equigranular to porphyritic with a fine grained matrix which 
was frequently poikilitic. Mineralogy varies between areas, but mineral assemblages 
commonly include plagioclase, hornblende, biotite and quartz, plus or minus alkali 
feldspar. Hypabyssal textures commonly observed in thin section include vesicles, 
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Figure 20: Chondrite normalized rare earth element plots for Vancouver Island forearc 
magmatism. The grey field contains rare earth element profiles for the Karmutsen 
Formation basalt (n=5), the Bonanza arc (n=1 O), and the Sicker Group (n=5). A) Mt 
Washington area, B) Kennedy Lake area, C) Zeballos area, D) Nanaimo Lakes area, E) 
Flores volcanics, F) Tahsis area. Note HREE depletion below values for Wrangellian 
samples. 
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Figure 21: Bivariate plots of A) Yb vs. SiO, and B) Yb vs. K,O. Recall that REE plots in 
figure 20 reveal HREE depletions relative to Wrangellian lithologies in the Mt. Washington, 
Nanaimo Lakes and Zeballos areas, suggesting that garnet and/or hornblende is a likely 
restite or fractionating phase. The anomalously low K,O content of these intrusions (ex. 
0.23 wt. O h  at Mt. Washington) is similar to amphibolite values, for example, 0.23-2.39% in 
the Chugach Metamorphic Complex, Alaska (Sisson et al., 2003). Both observations 
suggest an amphibolite melt component. Gill (1 981) noted amphibolite melting provides a 
trend of decreasing Yb with increasing SiO,, such that increasing degrees of partial melts 
of an amphibolite trend toward lower SiO, and higher Yb. 
(A) shows that the expected trend is evident in the Nanaimo Lakes, Mt. Washington and 
Zeballos areas. (B) demonstrates that higher Yb values in these rocks occur at lower K20  
values, consistent with the expected trend. A) and B) suggest a component of 
amphibolite partial melting is involved in the petrogenesis of the Mt. Washington, Nanaimo 
Lakes and Zeballos areas intrusions. 
amygdules, and miarolitic cavities as well as granophyre and myrmekite, which are 
commonly found in hypabyssal rocks. 
Despite regional similarities, differences in major and trace element geochemical 
and petrographic characteristics exist and are apparently related to local host rock 
compositions. For this reason, Vancouver Island forearc magmatism of the Mt. 
Washington and Clayoquot intrusions and Flores volcanics was split into five areal 
groupings: the Nanaimo lakes area, the Mt. Washington area, the Zeballos area, the 
Kennedy Lake area and the Tahsis area (Figure 3). Intrusions and volcanics within these 
groupings have similar distinguishing geochemical signatures, petrography and 
emplacement styles regardless of age. 
The geochemical uniqueness of individual forearc intrusions appears to be a 
reflection of variable source rocks. Potential source rocks include the Pacific Rim 
terrane, the Nanaimo Group, and Wrangellia, which includes sedimentary, metamorphic 
and igneous rocks of Devonian to Cretaceous age with widely varying compositions. 
Amphibolites also appear to be an important source rock (Figure 20,21). A mantle 
contribution to the forearc magmas may also be possible, as noted for the Walker Creek 
intrusions on southern Vancouver Island (Groome et al., 2003), and several intrusions in 
the Sanak-Baranof belt in Alaska (eg. Harris et al, 1996; Barker et al., 1992). 
The field relations, petrography and geochemistry of the magmatic suites are 
discussed below with reference to the areal groupings introduced above. As mentioned 
earlier, intrusions and volcanics found within a geographic grouping are not related 
petrogenetically nor do they necessarily belong to the same intrusive suite. 
Summary of geochemistry, petrography and field relations by suite and 
area 
Mt. Washington intrusions 
The Mt. Washington intrusions were emplaced from 41 to 35 Ma (U-Pb zircon) 
and are the most prominent Tertiary intrusive suite on Vancouver Island. They are found 
in four geographic groupings with different geochemical characteristics, igneous textures, 
and modes of emplacement. Mt. Washington intrusions are found in the Nanaimo Lakes 
area, Zeballos area, TofinoIKennedy Lake area and the Mt. Washington area for which 
they were named. 
Nanaimo Lakes area 
The Nanaimo Lakes area is located on eastern Vancouver Island (Figure 22). 
This region contains at least 12 separate intrusions of dacite to tonalite homblende- 
plagioclase porphyry. These intrusions are found in contact with the Nanaimo Group, 
Karmutsen Formation and Island Intrusions and were emplaced from 38.6 Ma to 37.4 Ma 
based on three new U-Pb ages. Intrusions range from -800m to 5 krn in size and were 
emplaced as sills (Figure 22), dikes and small stocks. Some intrusions in the Nanaimo 
Lakes area intruded along fault planes of the Eocene Cowichan Fold and Thrust 
System (England and Calon, 1990). Contacts are sharp and chilled margins and baked 
contacts are common. 
Nanaimo Lakes area intrusions are porphyritic or poikilitic porphyries that were 
shallowly emplaced (Figure 22). Hypabyssal features noted in this area include vesicles, 
miarolitic cavities, granophyre and myrmekite. Porphyritic varieties are concentrated in 
the eastern Nanaimo Lakes area and range from 15-35% phenocrysts varying in 
proportions of euhedral oscillatory zoned plagioclase, euhedral to subhedral hornblende 
and anhedral quartz. Matrix is an aphanitic to phaneritic aggregate of euhedral to 
anhedral plagioclase (1 0-65%) and anhedral quartz (10-45%) with 5-7% minor prismatic 
to anhedral hornblende and traces of apatite, titanite and zircon. Poikilitic porphyries 
with similar phenocryst assemblages are a feature of the western intrusions. Plagioclase 
forms euhedral chadacrysts enclosed by quartz oikocrysts. Hornblende chadacrysts are 
less abundant. The rocks are variably altered to chlorite and calcite, and plagioclase to 
clay minerals. 
Major element geochemistry of the Nanaimo Lakes area intrusions is relatively 
homogeneous despite the small size of some intrusions, the variety of country rocks and 
the large distance between intrusions. Regionally, Si02 values range mainly from 6 1 - 
66% although the Shelton Lake locality has a mafic phase of 56% SiO2. Whole rock Mg 
numbers range from 62-5 1 and these intrusions are medium to low K. Samples with 
Si02 <63 wt % demonstrate MORB-like characteristics on discrimination diagrams. The 
intrusions in this area are enriched in the incompatible elements and depleted in 
compatible elements with negative Nb-Ta and Ti anomalies. Chondrite-normalized rare 
earth element profiles are sub-parallel and enriched in the LREE and depleted in HREE. 
The HREE depletions are lower than that expected for a partial melt of Wrangellian 
lithologies (Figure 20) and are likely influenced by amphibolite partial melts (Figure 2 1). 
Figure 22-Photographs of 
features of the Nanaimo 
Lakes area 
A) Small scale hypabyssal 
sills near Moriarty Lake in 
the Nanaimo ~ a k e s  area. 
The main intrusion at this 
locality forms tabular sill- 
like bodies in sharp 
contact with fissile 
siltstone of the Upper 
Cretaceous Nanaimo 
Group. The main sills are 
on the order of several 
tens of metres thick; small 
scale sills are also found 
as pictured above. UKN= 
Upper Cretaceous 
Nanaimo Group sandy 
siltstone, TMWD= Tertiary 
Mt. Washington intrusive 
suite dacite. 
B) Example of a typical 
plagioclase-phyric dacite 
porphyry from the 
Nanaimo Lakes area. 
This photograph is from 
the sub-circular 800 m 
diameter pluton at 




phyric tonalite (XPL) 
The HREE depletions suggest that amphibole andlor garnet was present in the restite 
phase, however the small LdYb separation suggests that amphibole was likely the 
dominant restite phase. The majority of Nanaimo Lakes area intrusions fit most 
geochemical criteria to be classified as adakites (Chapter 4), however only the stock 
south of Englishman River has an "adakitic" LdYb (>20) ratio as discussed in chapter 4. 
Small negative Eu anomalies exist in the two most mafic samples in the area and 
small positive anomalies are found in the more felsic lithologies indicating possible 
plagioclase fractionation and accumulation respectively (Appendix B). 
Zeballos area 
The Zeballos stock is a 6 by 10 krn potato-shaped exposure of Tertiary 
granodiorite located on northwestern Vancouver Island (Figure 23). The stock is 
associated with Tertiary gold mineralization (Stevenson, 1950). The Zeballos stock was 
emplaced into Bonanza Group and Karmutsen Formation basalts and limestone bedrock 
at 35 Ma creating a large brecciated contact zone at the northern nose of the pluton 
(Stevenson, 1956). The stock is equigranular and phaneritic and is crosscut by ubiquitous 
rhyolite porphyry dikes ranging from 5 cm to 2 m in width. Some dike sets were 
emplaced through ca. 10 -30 cm granodiorite screens. All rhyolite dikes were emplaced 
into the stock after solidification and are found in close association with quartz-sulfide 
veins (Figure 23). 
In thin section the rock is equigranular and relatively unweathered (Figure 23) and 
consists of 40% plagioclase, 25-35% quartz, 10- 15% biotite, 5-10% alkali feldspar, 10% 
hornblende, and 1% clinopyroxene (embayed). Trace minerals include apatite, zircon 
and titanite. Chlorite has partly replaced biotite and hornblende. Myrmekite is common. 
Figure 23: Features in the Zeballos 
area. A) Sheeted rhyolite dikes sulfide-rich - quartz vein 
associated with sulfide-rich quartz 
veins in the Spud Creek area of the 
Zeballos stock. The dikes and veins 
are found in close association brittly Zeballos 
intruding the 35 Ma Zeballos stock granodiorite 
granodiorite at several localities. 
B) Close-up view of the Zeballos 
stock granodiorite in contact with a 
sulfide-rich quartz vein near a 
rhyolite dike. (close up from picture 
above) . 
C) Thin section photograph of the 
Zeballos stock granodiorite 
Three thin sections made from different areas of the main stock demonstrated nearly 
identical mineralogical modes and textures demonstrating that the Zeballos stock is 
regionally homogeneous. 
Two geochemical samples indicate that the stock is metaluminous and sodic and 
ranges from 66-65% SiO2 with a whole rock Mg # of 54-5 1. Normative plagioclase 
ranges from An33 to An32. Trace element variation diagrams indicate that the Zeballos 
stock is enriched in incompatible elements and depleted in compatible elements relative 
to MORB. Rare earth element patterns are enriched, with a higher enrichment of the 
LREEs over the HREEs. Fractional crystallization modelling indicates that the two 
samples are related by 18% fractionation of plagioclase (6.5%), orthoclase (1.4%), quartz 
(1 0%), and biotite (0.14%) (Appendix C). 
Two of the fine grained plagioclase phyric rhyolite dikes which brittly cross-cut 
the Zeballos stock were sampled for geochemistry. Relative to the stock, the dikes are 
higher in SO2,  lower in Na20 and higher in K20. The rhyolite dikes are less enriched in 
rare earth elements than the main stock and have a greater LREE to HREE ratios. The 
dikes are peraluminous and have an adakitic geochemical signature. Major element 
fractional crystallization modelling indicates that the rhyolite dikes are not a product of 
simple fractional crystallization of the melt which produced the main stock. The low 
HREE contents of the rhyolite dikes at Zeballos indicate that the restite assemblage likely 
contained hornblende and/or garnet. The relationship between Si02, Yb, and K 2 0  
suggests that the rhyolite dikes and main Zeballos stock may be largely derived from an 
amphibolite source, where the dikes represent a lower degree partial melt than the main 
stock, which occurred during a later event (Figure 21). The time interval between 
crystallization of the main stock and intrusion of the dikes is not known. 
Mt. Washington area 
The Mt. Washington area is of eastern Vancouver Island contains at least 10 
intrusions that were probably emplaced at -35 Ma based on new U-Pb dating of the Mt. 
Washington stock. These intrusions range from 500 m-8 krn in size and are found in 
contact with Nanaimo Group sandstone and the Karmutsen Formation as shallow stocks, 
sills and dikes. Where observed, the intrusive contacts were sharp and did not exhibit 
metamorphic aureoles (Figure 24). The large stocks at Wolf Lake and Mt. Washington 
were the focus of most of the fieldwork in this area. The dominant lithologies are 
hornblende-plagioclase phyric trondjhemite porphyry to medium grained equigranular 
trondjhemite. Intrusive breccias are ubiquitous and are ascribed to hydrothermal 
processes (Carson, 1969). 
Porphyritic samples from the Mt. Washington and Wolf Lake stocks range from 
10-70% phenocrysts, dominantly euhedral plagioclase 7-60% with lesser sub-euhedral 
hornblende ca 1-1 5% and quartz ca 0-8% in a matrix of granular to euhedral plagioclase 
and anhedral quartz with or without prismatic hornblende. One sample from Mt. 
Washington had 2% embayed and corroded augite phenocrysts. Equigranular varieties 
are medium-grained and range from 75-80% oscillatory zoned singular to glomerocrystic 
euhedral plagioclase, 8-1 0% subhedral hornblende, 7-8% andhedral quartz, 0-6% 
embayed augite and 2% opaques with traces of apatite, zircon and titanite. Some samples 
are virtually unaltered and others have hornblende and biotite being replaced by chlorite. 
Myrmekite and xenoliths of Nanaimo Group sandstone are common in the Mt. 
Washington stock. The magmatic textures are generally massive however a plagioclase- 
defined magmatic foliation was well developed in a sill in Strathcona Park. 
Geochemical analyses obtained for two samples of both the Mt. Washington and 
Wolf Lake stocks indicate that these intrusions are similar. Si02 ranges from 68-64% 
and normative anorthite ranges from An38 to An3s. These intrusions have the lowest K 
contents of all Tertiary intrusions studied. K 2 0  ranges from 0.75% (Wolf Lake stock) to 
0.23% (Mt. Washington stock). Na20 ranges from 5.2-4.5%. The rocks are unaltered 
hence the low potassium is unlikely to be a consequence of element mobility. Despite 
geochemical similarity, the two stocks can not be related to each other by fractional 
crystallization. Fractional crystallization does however sufficiently explain the 
geochemical differences within each individual stock (Appendix B). 
The intrusions in the Mt. Washington and Wolf Lake area have parallel chondrite- 
normalized REE patterns with subtle differences in enrichment. Both stocks are enriched 
in the LREE relative to HREE and have flat to slightly u-shaped HREE profiles however 
the Wolf Lake stock is generally more depleted. The chemical relationship between these 
intrusions is consistent with the Mt. Washington and Wolf Lake stocks being partial 
melts of a similar amphibolite source, where the intrusions at Mt. Washington represent a 
higher degree melt. Intrusions from both stocks have small positive Eu anomalies. Sr 
and Ba systematics suggest that the Eu anomaly was formed by plagioclase accumulation 
(Appendix B). 
Figure 24: Mt. Washington 
area field relations 
A) Sharp contacts of Mt. 
Washington intrusions with 
the Nanaimo Group and 
Karmutsen Formation at Mt. 
Washington. Line indicates 
contact seen and inferred 
between Nanaimo Group and 
Tertiary quartz diorite. B) 
Sharp contact between Mt. 
Washington intrusion quartz 
diorite and Karmutsen basalt. 
Person for scale, pointing at 
contact. Road cut at Mt. 
Washinton. 
C) Photomicrograph of the 
trondjhemite of the Mt. 
Washington stock 
Kennedy Lake area 
The intrusions visited in the Tofino and Kennedy Lake area are considered to be 
dominantly of Clayoquot intrusive age (48.8-5 1.2 Ma) (after Massey, 1995), however at 
least two intrusions belong to the Mt. Washington suite age group. The small stock south 
of Kennedy Lake (36.9 Ma this study) and the intrusion in Ritchie Bay on Meares Island 
(4 1 Ma) (Isachsen, 1987) belong to the Mt. Washington suite. 
The stock south of Kennedy Lake is a 5.5 km by 3 km exposure of grey 
plagioclase-phyric poikilitic granodiorite porphyry (Figure 25) intruding the Devonian 
Sicker Group, Jurassic West Coast Crystalline Complex and the Triassic Karmutsen 
Formation. Granodiorite of the Kennedy Lake stock is fresh and consists of 20% 
plagioclase phenocrysts in a poikilitic matrix of 5-7% plagioclase, 35% alkali feldspar 
and 40% quartz and approximately 5% biotite (Figure 25). Traces of apatite, zircon and 
titanite were observed. Granophyre patches are found throughout the matrix indicating 
simultaneous crystallization of alkali feldspar and quartz. The Ritchie Bay pluton on 
Meares Island was described by Isachsen (1987) as a massive quartz diorite with 40% 
zoned plagioclase, 30% interstitial quartz, 5% alkali feldspar, 14 % hornblende, 8 % 
biotite, 2% magnetite and accessory titanite, apatite and zircon. 
The Kennedy Lake stock has similar major element geochemistry and a similar 
REE pattern to the assumed and known Clayoquot age intrusions in the area, reinforcing 
geographic control on pluton character. The pluton has 69% Si02, and subequal amounts 
of Na20 and K20 at 3.7 wt % and an Mg number of 40. Normative anorthite is Anz4 and 
pluton is potassic and peraluminous. 
Figure 25: Photographs of Kennedy Lake area rocks 
A) Mt. Washington suite Granodiorite pluton south of Kennedy Lake, U-Pb 
dated at 36.9 Ma. Cross-cut by an andesite dike 
B) Photomicrograph of the stock in A under XPL. Note granophyre 
intergrowth texture. 
The rare earth element profile is LREE enriched relative to the HREE and is sub- 
parallel to that of the Pacific Rim Complex greywacke sample. The parallel relationship 
between the intrusions suggests that they may be largely partial melts of the Pacific Rim 
Complex melange. All but one Kennedy Lake area samples display marked negative Eu 
anomalies. These negative Eu anomalies may be the result of plagioclase or alkali 
feldspar fractionation or the presence of either of these feldspars in the restite phase. Ba 
and Sr systematics suggest that plagioclase was the feldspar responsible for the Eu 
anomaly in the Kennedy Lake area. 
Clayoquot intrusions 
The Clayoquot intrusions were emplaced from 5 1.2-48.8 Ma (U-Pb zircon) and 
are considered to be coeval with the Flores volcanics (Irving and Brandon, 1990; Massey, 
1995). Intrusions of the Clayoquot suite are concentrated on the west coastal areas on 
Vancouver Island and on Flores and Stubbs Islands off the west coast. They are found 
within the Tahsis and Kennedy Lake areas. 
Tahsis area 
The Tahsis area, located on northwestern Vancouver Island contains four mafic to 
felsic intrusions assigned to the Clayoquot intrusive suite based on a concordant U-Pb 
age of 48.8 Ma for the stock northeast of Mt. Tahsis. Three of the intrusions were 
described for this study. The intrusion on the east coast of Tahsis inlet was emplaced as a 
series of large dikes mapped within a 3.5 krn by 2 km region. Outcrops are semi- 
continuous and reveal sharp contacts between Jurassic volcanics, Tertiary intrusions and 
breccias and brittly emplaced Tertiary andesite dikes. Small exposures of purple 
weathering breccia that has incorporated rounded to angular clasts of porphyritic dacite 
are in sharp contact with the main-phase Tertiary intrusion. The muddy matrix and the 
assemblage of volcanic and intrusive clasts suggest that the breccias are debris flow 
deposits. Proximity of the intrusions to these surficial deposits suggests that the 
intrusions were shallowly emplaced. Numerous highly amygdaloidal aphanitic and 
aphyric ca. l m  wide dacite to andesite dikes brittly cross-cut all lithologies in the area 
(Figure 26). Amygdules are concentrated in bands running parallel to sharp contacts. 
The presence of vesicles indicates volatile dissolution which fhther suggests shallow 
emplacement. The second intrusion is located northeast of Tahsis Mountain and is a - 
4.5 km diameter stock of homogeneous equigranular tonalite with covered contacts 
(Figure 26). The third intrusion is a fine grained monzodiorite with very poor exposure 
that seems to be a series of small dikes in sharp contact with Jurassic age basalt and 
diorite within a 1 km diameter circular region. 
The intrusion on the east coast of Tahsis Inlet is plagioclase phyric granodiorite 
porphyry with a phenocryst assemblage of 21% plagioclase, 2% quartz and 2% biotite 
with 75% matrix of plagioclase, potassium feldspar and quartz (Figure 26). The 
equigranular tonalite intrusion northeast of Tahsis Mountain contains 35% plagioclase, 
35% quartz, 17 % biotite, 2-3% hornblende and 1 % of each apatite, zircon, and opaques. 
The third intrusion is a dark grey-green fine grained plagioclase and hornblende phyric 
monzodiorite consisting of 5% both plagioclase and hornblende phenocrysts in a highly 
chloritized aphanitic matrix of 60% plagioclase, 20% hornblende and 10% opaque 
minerals. 
Figure 26: Photographs of intrusions in the Tahsis area 
A) Massive tonalite intrusion in the Tahsis area, northeast of Tahsis Mountain. U-Pb 
dated at 48.8 Ma.B)Amygdaloidal andesite dike in the Tahsis area. Several such dikes 
were found cross-cutting tertiary volcanic debris flows and Tertiary intrusions east of 
Tahsis inlet. These dikes intruded the primary Tertiary lithology after solidification, 
possibly several million years later. The main tertiary phase is undated but assigned to 
the Clayoquot intrusive suite due to close proximity to the 48.8 Ma pluton pictured in the 
figure above. 
Major element geochemistry is variable with Si02 ranging from 68 to 55 wt%, 
An42-An20 and Mg #'s between 59-47. Rare earth element patterns however are roughly 
parallel with a close correlation between the stock northeast of Mt. Tahsis and the small 
monzodiorite dike complex. These REE patterns are similar to those of the Zeballos 
stock to the north which intrudes similar country rock, however these intrusions are 14 
Ma older. The tonalite porphyry of eastern Tahsis Inlet is more REE enriched than the 
other two intrusions in the Tahsis area and the Zeballos stock. 
Kennedy Lake area 
Clayoquot intrusions in the Kennedy Lake area are either small stocks, sills or 
dikes which intrude a variety of country rocks including the Devonian Sicker Group, 
Triassic Karmutsen Formation basalt and Quatsino limestone, the Jurassic Bonanza arc, 
and the Pacific Rim Complex. The Flores volcanics also host intrusions in the area; a 
100 m high exposure of Flores volcanics at Mt. Frederick displays sharp contacts with at 
least three phases of felsic Tertiary intrusions. These intrusions are plagioclase phyric 
and were emplaced along and across contacts between massive flows of Flores basaltic 
andesite. North and east of Kennedy Lake, the map displays large elongate intrusions, 
which is misleading. These areas are instead characterized by intermediate-composition 
monzodiorite dikes which crosscut Jurassic granodiorite and arc basalt. The small (800 
m) Tofino pluton intrudes the Pacific Rim Complex (Figure 27). 
Clayoquot intrusions in the Kennedy Lake area are bimodal. The felsic 
lithologies are porphyritic to poikilitic plagioclase phyric granodiorite and granite 
porphyries or medium grained equigranular granodioritelgranite. Mafic to intermediate 
lithologies are represented by green-grey plagioclase or hornblende phyric monzodiorite 
dikes. The felsic varieties are distinctive from other Tertiary intrusions on Vancouver 
Island by their high K-feldspar contents and low or absent hornblende relative to biotite. 
Modal mineralogy ranges from 20-30% plagioclase, 10-20 % potassium feldspar, 3545% 
quartz, 10-15 % biotite, no hornblende, and traces or relict pyroxene (Figure 27). The 
quartz monzodiorites range from 10-20% phenocrysts of hornblende andlor plagioclase 
and a matrix of dominantly hornblende, plagioclase, and alkali feldspar with minor 
quartz. Most hornblende has been replaced by chlorite in these samples. 
Six geochemical samples were obtained for the bimodal Clayoquot intrusions in 
the Kennedy Lake area. Major element geochemistry is similar between felsic varieties. 
The small Tofino pluton and a felsic phase of unknown size east of Kennedy Lake have 
Si02 from 74-67 wt %, whereas the dikes which intrude similar lithologies have Si02 
values of -59 wt%. Mg number in the small felsic stocks ranges from 45-34, whereas the 
dikes have a much more primitive Mg number of 73 (CI-290, Ni =84). Normative 
anorthite ranges from An3,-Anls in the stocks and is An37 in the dikes. K20  is highest in 
this area and ranges from 4.5-2.6 wt % for the felsic stocks and 1.6 wt % for the dike 
complex. These samples plot in the medium and high K-fields of LeMaitre et a1 (1989). 
Rare earth element profiles for the felsic intrusions of the Kennedy Lake area are 
distinctive from other Tertiary intrusions on Vancouver Island by their marked and 
characteristic negative Eu anomalies (Figure 15, Figure 20). These anomalies formed 
regardless of age and indicate that Eu was largely in the 2' oxidation state during 
crystallization, suggesting that oxygen fugacity was low. Eu anomalies commonly result 
from plagioclase or orthoclase feldspar fractionation or the presence of either or both 
feldspars in the restite. Sr and Ba systematics suggest that the negative Eu anomaly is the 
Figure 27: Photographs of 
Clayoquot age intrusions in 
the Kennedy Lake area 
A)Clayoquot intrusive suite 
Granodiorite pluton 
Intrudes the Pacific Rim 
Complex melange at a 
beach exposure Tonquin 
Park, Tofino. Pluton was 
U-Pb dated at 51.2 Ma. 
B) Undated monzodiorite 
dike assumed to belong to 
the Clayoquot intrusive 
suite. lntrudes Jurassic 
granodiorite north of 
Kennedy Lake. C) Thin 
section photograph of 
Tofino piuton granodiorite 
(crossed nicols). 
result of plagioclase restite or fractionation (Appendix B). The rare earth element 
patterns for the felsic lithologies in the area are consistent with their being partial melts of 
Pacific Rim Complex greywacke, leaving behind a plagioclase-rich restite (Figure 20). 
The rare earth element pattern for one of the mafic dikes is similar to a basaltic Flores 
volcanic flow from Mt. Frederick, suggesting a possible relationship. 
Flores volcanic rocks 
The Flores volcanics are a middle Eocene bimodal basalt to rhyolite suite of 
subaerial flows, tuffs, tuff breccias, pyroclastic flows and volcanic debris flows deposited 
ca. 5 1.2-50 Ma (U-Pb) in approximately their present position relative to autochthonous 
North America (Irving and Brandon, 1990). Exposures of the Flores volcanics are 
preserved in the Kennedy Lake area at Mt. Ozzard and Mt. Frederick north of Ucluelet 
and on Flores and Meares Islands off the west coast of Vancouver Island. Fieldwork for 
this study focused on exposures at Mt. Ozzard, just north of Ucluelet. Data for Mt. 
Frederick and Flores Island and hrther chemical analyses for Mt. Ozzard were provided 
by Nick Massey. 
Mt. Ozzard is an exposure of Flores volcanics approximately 6 km long by 2.5 km 
wide located east of Kennedy Lake, just north of Ucluelet. The dominant lithology 
consists of hornblende-phyric dacite flows between 66 and 68 wt% Si02. Lava flows are 
massive to columnar (Figure 28) and interbedded with deposits of pyroclastic tuff-breccia 
and lahar (Figure 28). No flow-tops were conclusively identified, but flows are assumed 
to be up to several meters in thickness. The volcanics are randomly cross-cut by 

numerous medium grained felsic porphyritic dikes which may or may not be coeval with 
the volcanic package. 
The volcanics at Mt. Ozzard are variably altered plagioclase-hornblende phyric 
dacite with a phenocryst assemblage of approximately 5- 10% euhedral to subhedral 
hornblende, 2-5% euhedral plagioclase phenocrysts, and 0-2% quartz. Matrix is aphanitic 
and consists of varying proportions of plagioclase and quartz with 1- 10% pyrite (Figure 
28). Calcite and chlorite are the dominant alteration minerals. Flow foliations are 
defined by plagioclase laths. 
Mt Frederick is located immediately west of Mt. Ozzard and is comprised of 
dominantly basaltic and andesitic flows ranging from 52-63 wt% SO2. Normative 
anorthite ranges between Ans3-An46. Whole rock magnesium numbers vary from 64-44 
and the volcanics are calcalkaline. The units at Mt. Frederick are dominantly massive to 
vesicular basalts, hornblende phyric basaltic andesite and lesser porphyritic andesite 
crosscut by hornblende-granodiorite and quartz phyric dikes (Nick Massey, pers. comm. 
2003). One thin section was made for the exposures at Mt. Frederick. The sample was 
taken from an exposure where the volcanic pile was cross-cut by three phases of Tertiary 
intrusion and was metasomatized as suggested by numerous small (1 -3 mm) quartz filled 
veinlets. The sample was aphanitic and consisted of 30% plagioclase, 20% hornblende, 
10% quartz and 15% opaque minerals. There was a minor phenocryst assemblage of 
opaques and possibly quartz. 
On Flores Island the volcanics exposures are comprised of welded and massive 
ash flow tuff and tuff breccia of dominantly dacitic composition with lesser dacite to 
rhyolite lava flows (Irving and Brandon, 1990). The lava flows on Flores Island are the 
most felsic of the Flores volcanic suite ranging from 66-73 wt% SiOz, with normative 
anorthite compositions of An43-An30. Flores Island lava flows are massive and locally 
have well developed flow foliations. The volcanics preserved on Meares Island were not 
visited for this project, however Isachsen (1984) described them as very weathered dacite 
to rhyolite flows. 
Rare earth element profiles are enriched, with LREE over the HREE (Figure 15, 
Figure 20). The Mt. Frederick sample has a flatter REE pattern than those from Mt. 
Ozzard. The dacites at Mt. Ozzard have LaIYb >20 and are adakitic in geochemistry. 
These adakites are discussed in detail in Chapter 4. Mt. Frederick samples display a 
slight enrichment of compatible elements on trace element variation diagrams and display 
some MORB-like characteristics (Figure 18). No Eu anomalies are present, which 
suggests that the felsic Kennedy Lake area intrusions which all display marked Eu 
anomalies were not the source for the Flores volcanics at Mt. Ozzard or Mt. Frederick. 
CHAPTER 4- 
ORIGIN OF ADAKITES ON VANCOUVER ISLAND 
Introduction 
Adakite geochemistry is commonly considered synonymous with either partial 
melting of young, warm subducted oceanic slab that has reached garnet ambhibolite 
metamorphism, or the partial melting of garnetiferous lower crust. Adakites found in 
present or past tectonic settings where a ridge is situated close to the trench or has been 
subducted (i.e., a slab window scenario) represent possible slab melts (Defant and 
Drumrnond, 1990; Drummond et al., 1996; Johnston and Thorkelson, 1997; Abratis and 
Worner, 2001) and may also be attributed to partial melting of either garnetiferous 
amphibolite or eclogitic lower crust (Feeley and Hacker, 1995; Wareham et al., 1997; 
Bourdon et al., 2002; Drummond et al., 1996). Adakites are volcanic rocks 
geochemically defined as Si02>56%, Na20>3.5, A12O3>15%, Ybd .9 ,  La/Yb>20, 
Sr>400 ppm, Y<18, and Sr/Y>40 (Defant and Kepezhinskas, 2001) and are principally 
based on the identification of a garnet restite signature. Adakites derived by slab melting 
are firther characterized by 8 7 ~ r / 8 6 ~ r i  ratios of <O.7045 (Drummond et al., 1996). 
Forearc adakites of Alaska and British Columbia 
Intrusive and volcanic rocks with adakitic geochemical signatures are associated 
with accretionary complexes in the forearc areas of Alaska and British Columbia on 
southern and central Vancouver Island. Both of these forearc regions have experienced 
ridge-trench intersection and slab window formation during Tertiary time (Bradley et al., 
2003; Hams et al., 1996; Haeussler et al., 1995; Groome et al., 2003). A logical question 
to ask is if slab melting at garnet amphibolite conditions could occur in an accretionary 
complex. Thorkelson and Breitsprecher (in press), following the thermal modeling of 
Peacock (1996), suggest that slab melts with an adakitic geochemistry may form as 
shallowly as 25 krn at a subduction zone with shear heating of 33 MPa and a convergence 
rate of 100 M M a .  Thus, the Eocene forearc adakites in Alaska and on Vancouver 
Island could be attributed to slab melting if the subducted oceanic crust were to reach 
depths of >25 krn. 
Adakite compositions have also been attributed to melting of garnet amphibolite 
or eclogitic lower crust (Feely and Hacker, 1995; Richards et al., 2002). As outlined 
later, lower crustal amphibolite is a feasible source for adakites on eastern Vancouver 
Island, but is unlikely to have played a role in adakites of more western areas. An 
alternative explanation for adakitic composition involves garnetiferous metasediment and 
mafic magmas and is outlined below with reference to examples from Alaska and 
southern Vancouver Island. 
Previous major and trace element modeling- The Seldovia dike swarm and 
Walker Creek intrusions 
Major and trace element geochemical studies have been previously performed on 
forearc adakites within the Chugach terrane in Alaska and the Leech River Complex on 
southern Vancouver Island. In both cases it was concluded that that these forearc 
adakites were produced by anatexis of garnetiferous sedimentary material by mafic melts 
(Harris et al., 1996; Lytwyn et al, 2000; Groome, 2000; Sisson et al., 2003). In Alaska, 
the Seldovia dike swarm comprises basalt to rhyolite composition dikes hosted within 
metasediments of the Chugach terrane (Lytwyn et al, 2000). These dikes display adakitic 
compositions at dacite and rhyolite Si02 levels. Lytwyn et al. (2000) modeled the 
petrogenesis of the Seldovia dike swarm and concluded that the observed geochemical 
trend from non-adakitic to adakitic composition corresponded to a trend from I-type to S- 
type melts respectively. It was concluded that these adakitic compositions were 
consistent with assimilation of sedimentary material by a refractory island arc tholeiite 
magma coupled with fractional crystallization (Lytwyn et al., 2000). 
On southern Vancouver Island the Walker Creek intrusions within the Leech 
River Complex portion of the Pacific Rim terrane are a largely adakitic tonalite- 
trondjhemite-granodiorite suite. Groome (2000) modeled the petrogenesis of the Walker 
Creek suite as a combination of three processes, 1) partial melting of the garnetiferous 
Leech River Schist, 2) mixing with magma of MORB composition (represented by the 
Tripp Creek metabasite) and 3) fractional crystallization. The mafic magmas invoked in 
both the Seldovia dike swarm and Walker Creek anatexis models were injected into the 
forearc during ridge subduction (Groome, 2000; Lytwyn et al., 2000). 
The Sr isotope criterion 
Strontium isotopes are used to distinguish lower crustal adakites from slab melts 
(Drummond et al., 1996) but are not diagnostic for distinguishing a mantle signature from 
a metasedimentary signature in the forearc adakites of southeast Alaska. Intrusions of 
increasing crustal componel 
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Figure 29: A) Plot of LaNb vs. initial Sr ratios for adakite 
and non-adakitic rocks from the eastern Chugach 
Mountains (Alaska) and Vancouver Island. This plot 
demonstrates that the adakites in the Eastern Chugach 
mountains and those for which isotope data exist on 
Vancouver Island fit the criteria for slab melts. Note that 
the Mt. Frederick Flores volcanic samples have an 
apparently higher sedimentary component yet are not 
adakitic. B) I and S-type granite discriminant plot which 
highlights the sedimentary component in the "adakites" of 
the eastern Chugach mountains. C) I vs.S-type 
discriminant demonstrating the S-type character of the 
Walker Creek intrusions and the Leech River Schist. D) I 
vs. S-type discrimiant for adakites and other volcanic and 
intrusive rocks from the Kennedy Lake area. Also plotted 
is a Pacific Rim Complex greywacke sample. Note that 
the Pacific Rim Complex sample plots in the I-type field, 
unlike the Leech River Schist. Such a sedimetary 
component may not be obvious in the geochemistry. 
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adakitic geochemistry are found within Sanak-Baranof belt in the Eastern Chugach 
Mountains of Alaska. These "adakites" were generated in an area of ridge-trench 
intersection (Sisson et al., 2003) and meet all geochemical criteria outlined by Defant and 
Kepezhinskas (2001), including 8 7 ~ r / 8 6 ~ r  initial values from 0.70343-0.70417 (Sisson et 
al., 2003), well below the Sri isotopic criterion (>0.7045) established by Drummond et al. 
(1996) (Figure 29a). 
Despite their appropriate compositions, isotopic character and tectonic setting, 
these intrusions are unlikely to be slab melts. Sisson et al. (2003) noted that these 
intrusions are peraluminous and contain biotite and muscovite +/- garnet. These 
intrusions plot within or close to the S-type granite field on an I vs. S-type discrimination 
diagram (Figure 29b). From their mineralogy it is probable that they are derived from a 
large degree of sedimentary anatexis. Their adakitic signature and isotopic character 
were likely formed by assimilation of sedimentary material by melts of depleted mantle 
or non-garnetiferous slab, as proposed for the Seldovia dike swarm (Lytwyn et al., 2000) 
and the Walker Creek intrusions (Groome, 2000). 
Adakites of the Kennedy Lake area, Vancouver Island 
Reconstructions of the tectonic setting off Vancouver Island at ca. 52-50 Ma 
illustrate four points that impact on hypotheses regarding the origin of Middle Eocene 
Vancouver Island adakites: 1) a mid-ocean ridge was present near the trench 
(Breitsprecher et al., 2003; Groome et al, 2003; Madsen et al., 2003); 2) the Pacific Rim 
Terrane represented a partially underplated accretionary complex or an underplated 
trench-proximal olistrostromal melange thrust beneath the Wrangellian portion of 
Vancouver Island (Brandon, 1989); 3) the Crescent terrane had not yet begun (or was just 
beginning) to accrete (Groome et al., 2003); and 4) the depth to the base of the Pacific 
Rim Terrane and the top of the subducting oceanic crust (preserved as the accreted 
Crescent underplate) was likely somewhere between 15-25 km depending on distance 
from the trench and slab dip (Hyndman, 1995), which is deep enough for subducted 
basalt to generate adakitic melts. 
Eocene igneous rocks that fit all geochemical, tectonic and isotopic criteria for 
adakites are found in the Kennedy Lake area (Figure 30) within the Flores volcanic suite 
at Mt. Ozzard, and in dike swarms within the Pacific Rim Complex and the Flores 
volcanic pile at Mt. Frederick. These adakites differ from the Walker Creek suite and the 
adakites in the Alaskan forearc in that they are dominantly metaluminous or only weakly 
peraluminous, and contain hornblende and plagioclase +I- biotite, and no muscovite or 
garnet. They plot as I-type between the S-type Walker Creek intrusions and the Mt. 
Frederick basaltic-andesites (Figure 29D). The Mt. Ozzard adakites plot near the Pacific 
Rim Complex greywacke sample. 
Another difference between the Alaskan and Walker Creek adakites and those in 
the Kennedy Lake area is the types of host rock. Kennedy Lake area adakites are hosted 
within or have traveled through the Pacific Rim Complex which is an olistrostromal 
melange comprised of largely mafic greywacke, chert and argillite floored by a Triassic 
arc assemblage (Ucluth Formation; Brandon, 1989). The melange also contains large 
basalt and metabasalt clasts. A sample of greywacke from the Pacific Rim Complex in 
the Tofino area indicates that the melange matrix is only weakly peraluminous and plots 
in the I-type field on an I vs. S-type discriminant plot (Figure 29D), in contrast with the 
Figure 30: Location map of Eocene forearc magmatism in the Kennedy Lake area 
showing proximity to the Pacific Rim Complex. Eocene intrusions of the Mt. Washington 
and Clayoquot suites and the Flores volcanics are displayed and adakitic centers are 
circled. Structures: WCF- West Coast fault. Cities/towns: TF- Tofino, U- Ucluelet. 
Other: KL=Kennedy Lake, MI= Meares Island, FI= Flores Island, NI= Nootka Island. 
peraluminous and garnetiferous Leech River Complex, which hosts the S-type Walker 
Creek intrusions and the Chugach Terrane, which hosts S-type forearc intrusions with 
adakitic compositions. The mafic and weakly peraluminous I-type composition of the 
Pacific Rim Complex may mask the signature of the sedimentary component in the 
formation of the Kennedy Lake area adakites. Some Kennedy Lake area adakites have 
also been found in contact with arc-affinity Wrangellian lithologies. 
Kennedy Lake area adakitic dikes are hosted within the Pacific Rim Complex. 
The adakites of the Flores volcanics at Mt. Ozzard overly Wrangellian lithlogies but the 
magmas which erupted to form the Mt. Ozzard adakites may have passed through the 
tectonically unerplated Pacific Rim Complex during ascent. In both cases, Kennedy Lake 
magmas may have undergone assimilation of Pacific Rim sediments and attained an 
adakitic signature through anatexis of Pacific Rim Complex metasediments by MORB 
magmas during blowtorch melting. (Figure 3 1). Evidence for some degree of 
sedimentary input to Kennedy Lake area adakitic plutons and the Mt. Ozzard adakites is 
provided by zircon inheritance. Inheritance provided an upper intercept of -1525 Ma for 
the Tofino pluton which appears to be related to adakitic dikes hosted within the Pacific 
Rim Complex. An upper intercept of -1700 Ma was noted for the adakitic Flores dacite. 
Inheritance is a probable result of incorporation of detrital zircons from the Pacific Rim 
Terrane into the melt, as the oldest Wrangellian lithologies belong to the Devonian Sicker 
island arc succession. The involvement of Pacific Rim Terrane melting is reinforced by 
detrital zircon analysis from the Leech River Schist portion of the terrane from which 
concordant -1 400 Ma grain was recovered (Groome et al., 2003). 
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Figure 31 : Tectonic setting of Vancouver Island adakites in the Kennedy Lake area. A) 
Block diagram adapted from the tectonic model showing ocean basin configuration. The 
~esurrection-~arallon ridge is subducting below ~ancouver Island, creating a slab 
window. Note the Resurrection plate dips at a steeper angle (26") than the Farallon 
(11"). B) and C) cross sections along A-A1 depicting possible sources for the adakitic 
signature. A) slab melt scenario and B) garnetiferous metasediment plus mafic melt 
scenario (as is seen in Alaska and southern Vancouver Island). D) Cross section along 
B-B1 demonstrating possible pre-Crescent accretion relationship between Wrangellia 
and the Pacific Rim Complex. Note the proximity of the Mt. Ozzard adakites to the 
trench and the thickness of the Pacific Rim Complex beneath this area. The dotted lines 
in D represent the present day geophysical structure . 
As mentioned earlier, slab melts are assumed to have initial Sr ratios less than 
0.7045 (Drummond et al., 1996) which suggests true adakites have a little sedimentary 
influence. Strontium isotope data for the Mt. Ozzard and Mt. Frederick Flores volcanic 
piles and the dikes within the Pacific Rim Complex were recalculated to an initial ratio at 
50 Ma and are range from 0.70377-0.70402. The 8 7 ~ r / 8 6 ~ r i  ratios (Figure 29a) suggest 
that the Mt. Ozzard adakites have a smaller sedimentary signature than the non-adakitic 
basaltic-andesite samples from Mt. Frederick. Conversely, adakite composition dikes 
within the Pacific Rim Complex near Tofino have a larger sedimentary component than 
both the Mt. Ozzard and Mt. Frederick samples. Because the 87~r186~ri  ratios imply that 
the non-adakitic Mt. Frederick basaltic-andesites assimilated more sedimentary material 
than the Mt. Ozzard adakites, two hypotheses can be proposed: 1) the Pacific Rim 
Complex sediments were either not the source of the garnet signature; or 2) the Mt. 
Frederick lavas obtained the signature of a different, non-garnetiferous sedimentary 
source. Isotope data do not preclude the possibility of a metasedimentary origin for the 
garnetiferous signature as no isotopic data exist for the Pacific Rim Complex. 
The major elements Cr and Ni and the whole rock Mg# are commonly used to 
distinguish adakites generated by lower crustal melting from those derived by slab- 
melting as values for slab melts are higher than for lower crustal melts due to interaction 
in the mantle wedge. The Eocene tectonic setting of Vancouver Island precludes the 
presence of overthickened garnetiferous lower crust, but the compatible element 
abundances may still be used to gauge the feasibility of the slab-melt hypothesis. 
Worldwide averages of Cr, Ni and Mg# for slab melts are 54 ppm, 39 ppm, and 48 
respectively (Drummond et al., 1996). Values for Cr, Ni and Mg # in the Kennedy Lake 
area adakites are in accord with these averages. At Mt. Ozzard, Cr ranges between 64-40 
ppm, Ni between 26-2 1 ppm and have an average Mg# of 5 1. The adakite dikes within 
the Pacific Rim Complex range from CF 4-50 ppm, Ni =25-47 ppm Mg#= 67-57. 
However, Cr and Ni values are affected by fractional crystallization of biotite, magnetite, 
and hornblende in dacitic melts and therefore these abundances should not be regarded as 
rigid criteria. 
Geochemical contouring 
Geochemical contour plots were constructed in order to test the hypothesis of 
sedimentary influence generating the Kennedy Lake area garnetiferous signature. Two 
plots best highlight the relationship between proximity to the Pacific Rim Terrane and 
geochemistry (Figure 32). The first plot, LaNb, is a proxy for garnetiferous restite and 
adakitic signature. The second was TWLu, because Th, which becomes concentrated in 
sediments provides a fluid-immobile proxy for sedimentary influence. 
All magmatism on Vancouver Island that meet the LdYb>20 criterion are 
adakites. The LdYb contour plot shows that adakites are spatially associated with the 
Pacific Rim Terrane on the west coastal areas of Vancouver Island. The TWLu contour 
plot demonstrates a similar spatial trend as LaNb. Together, these plots demonstrate that 
sedimentary influence is spatially related to outcrop of the Pacific Rim Complex and that 
the adakitic signatures in the Kennedy Lake correspond to the highest sedimentary 
components on Vancouver Island. 
Figure 32: Contour plots of chemical parameters for Vancouver Island Eocene forearc magmatsim. This 
figure plots all available data for the ratios A) LaNb and B) ThlLu. This figure does not take into account 
emplacement time or Crescent terrane accretion. Data for the Mt. Washington and Clayoquot intrusions, 
the Flores volcanics and Walker Creek intrusions are plotted. The areas on the western region of 
Vancouver Island are in close proximity to the Pacific Rim Terrane sedimentary underplate which does 
not extend below the eastern Vancouver Island intrusions (Hyndman, 1995). LaNb is an index for 
adakitic geochemical signature where LaNb > 20 indicates a garnetiferous restite. ThlLu can be used as 
an indicator of sedimentary component, as Th becomes concentrated in sediments and both Th and Lu 
are not fluid-mobile. A comparison of these contour plots reveals a similar trend between adakite 
signature and an increased sediment component. 
Evidence from rare earth element patterns 
Rare earth element patterns for the Flores adalutes at Mt. Ozzard were plotted 
with the Pacific Rim Complex greywacke sample to discern a possible relationship 
(Figure 33). Superimposed on the graph is average Cenozoic slab-melt adakite (N=140) 
from Drummond et al. (1996), which closely resembles the adakites from Mt. Ozzard. 
The Mt Ozzard adakites also have a similar pattern to the Pacific Rim Complex 
greywacke sample, however, the Mt. Ozzard adakites are depleted in the HREE relative 
to the Pacific Rim Complex. HREE elements are most readily incorporated into garnet. 
This relationship indicates that the Mt. Ozzard adakites could be partial melts of the 
Pacific Rim Complex leaving a garnet restite, but does not rule out the slab melt 
hypothesis as the patterns are nearly identical to the Cenozoic slab-melt average. This 
relationship may be analogous to that displayed by the non-adakitic samples in the 
Kennedy Lake area. As mentioned earlier, the Kennedy Lake area samples appear to be 
derived from partial melting of the Pacific Rim Complex, leaving behind a plagioclase- 
bearing restite phase. 
Conclusions regarding the Kennedy Lake area adakites 
Major and trace element geochemistry and Sr isotope data were used to test if the 
Vancouver Island adakitic rocks in the Kennedy Lake area resulted from 
metasedimentary anatexis or through melting of garnetiferous subducted slab with minor 
sedimentary assimilation. The I-type character, metaluminous geochemistry, strontium 
isotope data and Cr, Ni and Mg# suggest that the Kennedy Lake area adakitic rocks may 
result from melting of garnetiferous subducted slab. However as demonstrated for S-type 
Mt. Frederick basaltic andesite (nonadakite) 
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Figure 33: A) Rare earth element plots for Kennedy Lake area adakites at Mt. 
Ozzard. Also plotted is the Mt. Frederick non-adakite sample, the Pacific Rim 
Complex greywacke and a worldwide average Cenozoic adakite (n=140) 
(Drummond et al., 1996). This plot demonstrates that it is feasible for the adakitic 
signature to come from garnetiferous sediment analagous to the Pacific Rim 
Complex. B) Non-adakitic intrusions from the Kennedy Lake area demonstrating a 
relationship to the Pacific Rim Complex. These samples were likely largely derived 
from the Pacific Rim Complex and left behind a plagioclase restite phase as 
evidenced by the negative Eu anomalies. 
"adakitic" intrusions in Alaska, low Sr isotopic ratios are not necessarily representative of 
a slab melt. Geochemical contour plots and zircon inheritance suggest that adakitic rocks 
in the Kennedy Lake area have a sedimentary component that is not reflected in the Sr 
isotope ratios. It remains unclear if the adakitic geochemistry is a result of partially 
melting garnetiferous metasedimentary rocks of the Pacific Rim Complex analogous to 
the Walker Creek intrusions, or if they represent slab melts. The shallow depth (-25 km) 
at which these melts were formed, as extrapolated from present day geophysics, 
precludes their derivation from lower crustal arnphibolites as amphibolite lower crust is 
formed at depths of >35 km (Drummond et al., 1996). 
Adakites of the Mt. Washington intrusive suite 
Adakitic compositions were also identified within select intrusions of the 38.6-35 
Ma Mt. Washington intrusive event. One small stock of the Mt. Washington intrusive 
suite in the Nanaimo Lakes area, and two rhyolite dikes that cross-cut the 35 Ma Zeballos 
stock have adakitic compositions. The tectonic setting of the Mt. Washington suite 
intrusions is post-Crescent terrane accretion with the Pacific-Farallon ridge subducting 
nearby (Figure 34) (Madsen et al., 2003). Tectonic setting suggests that the adakite 
signatures could be the result of either partial melting of subducted oceanic slab or slab 
edges, or the partial melting of amphibolite lower crust. 
Ten geochemistry samples were obtained from different intrusions in the 
Nanaimo Lakes area. One intrusion can be classified as adakitic, and nearby intrusions 
display all necessary chemical characteristics but do not satisfy the criteria of LaJYb >20. 
The adakitic sample has LdYb= 20.4, Yb=0.8 ppm, seven samples from nearby 
intrusions have La/Yb ratios between 10 and 17, with Yb between 0.6-0.9 ppm, and two 
markedly different samples have La/Yb ratios of -5 (Yb=2.1 pprn). The adakitic sample 
contained 43 pprn Cr, and <20 pprn Ni (below 20 pprn detection) whereas the non- 
adakitic samples have higher values of both elements; Cr between 20-74 pprn and Ni 
from below detection up to 39 ppm. K20  is low in this area, ranging between 0.45-1.22 
wt.%, which is uncharacteristically low for arc magmas. 
In the Zeballos area, samples were obtained from two representative aphanitic 
rhyolite dikes. These dikes are adakitic (La&%= 19-25; Yb= 0.8) and they brittly cross- 
cut the non-adakitic (La/Yb= 14- 1 5) low-temperature mesothermal gold-bearing Zeballos 
stock. Cr and Ni contents in the dikes were undetected at 20 pprn limits. The Cr and Ni 
values for the main stock were higher, with Cr =24 and 36, and Ni either 38 or below 
detection. K20 for the stock (65-67 wt % Si02) is 1.3-1.5 wt%, and in the adakites (70 % 
Si02), K20 is 1.7 - 2.4 wt. %. 
The non-adakitic Nanaimo Lakes area intrusions and the Zeballos stock both 
display very low HREE values; Yb ranges from 0.8-0.9 pprn and 1.3- 1.6 pprn 
respectively. Such low HREE contents suggest that a mineral rich in HREE such as 
garnet or amphibole was retained in the restite phase during partial melting. Based on a 
comparison of REE profiles between Tertiary magmatism and Wrangellian lithologies 
(Figure 20) and relationships between Si02 and K 2 0  with HREE (Figure 21), it was 
earlier suggested (Chapter 3) that the geochemistry of some Nanaimo Lakes area 
intrusions and the Zeballos stock are consistent in part with derivation by partial melting 
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Figure 34: Tectonic setting of the Mt. Washington suite adakitic stock in the Nanaimo 
Lakes area. A) Block diagram for 35 Ma adapted from the tectonic model shows ocean 
basin configuration and the Pacific-Farallon ridge subducting below Vancouver Island, 
creating a slab window. B) cross section along C-C1 shown in A depicting possible 
scenario for slab-melting to produce the adakitic signature in the Nanaimo Lakes area. 
No slab melting occurs in the Mt. Washington area, consistent with the lack of adakitic 
lithologies in that region C) Cross section along D-Dl shown in A demonstrating 
possible post-Crescent accretion relationship between Wrangellia and the Pacific Rim 
Complex at 35 Ma. Note that eastern Vancouver Island is not underlain by the Pacific 
Rim Complex. The dotted lines in C represent the present day geophysical structure. 
The depth to the base of the crust is - 35 km and the Nanaimo Lakes area adakites 
could therefore be products of melting of garnetiferous amphibolite lower Wrangellian 
crust andlor slab melting. 
The adakitic rhyolite dikes in the Zeballos area appear to represent low percent 
partial melts of a similar amphibolite source as that which partially melted to produce the 
main stock. This conclusion was reached by comparing the chemistries of the stock and 
the dikes. If the dikes represent low percent partial melts of a similar source as the main 
stock, they would be expected to display higher K20, lower Yb, lower Ni and Cr, and 
higher Si02 values than the stock and exhibit sub-parallel REE patterns to the stock. 
Each of these criteria is satisfied. The relationship between the non-adakitic and adakitic 
intrusions in the Zeballos area is consistent with the adakite signature being derived in 
part by partial melting of an amphibolite source. The low Cr and Ni contents observed in 
these rocks suggest that lower crustal melting is the source of these intrusions, and not 
slab melting. 
The Nanaimo Lakes area intrusions are heterogeneous and intrude a number of 
different country rocks which were likely involved in their petrogenesis, however the rare 
earth element patterns for the adakitic sample and the other seven low Yb samples show a 
parallel relationship. This relationship signifies that these intrusions have a similar 
source composition. In addition to the similarity of REE profiles, the adakitic sample 
from the Nanaimo Lakes area has comparable K20, SOz,  Yb, Cr and Ni values to the 
non-adakitic intrusions. These similarities suggest that the adakitic intrusion in the 
Nanaimo Lakes area is derived from a similar source as the other intrusions in the area. 
Based on the low Cr and Ni values the preferred source of these intrusions is a lower 
crustal amphibolite, however partial melting of an amphibolite grade subducted slab 
cannot be disproved. 
The comparison of Nanaimo Lakes area and Zeballos area adakites with nearby 
non-adakitic, low HREE, Cr, Ni and low K20 intrusions suggests the adakitic signatures 
may have resulted from partial melting of a lower crustal amphibolite leaving behind a 
restite phase rich in HREE. The small LaNb separation for these adakites suggests that 
the dominant restite phase was amphibole as opposed to garnet. Garnet restite would 
create a higher Lamb separation at a given percentage of partial melting. The heat 
necessary for melting of the amphibolite lower crust may have been provided by 




1) Eight new U-Pb (zircon) dates help to divide Eocene forearc magmatism on 
Vancouver Island into two events. The Clayoquot intrusions were emplaced between 
51.2 and 48.8 Ma and the Mt. Washington intrusions were emplaced between 41 and 35 
Ma. The division between the Clayoquot and Mt. Washington intrusions was revised 
based on these data. 
2) The new U-Pb ages place Vancouver Island within the high resolution geochronologic 
framework of forearc magmatism that exists in Alaska, Queen Charlotte Islands and in 
Washington and Oregon. The new ages, together with the existing age data for forearc 
magmatism in the northern Cordillera illustrates a complex pattern demonstrating a 
greater degree of synchronicity than previously recognized. 
3) Inherited components in the zircons indicate some degree of crustal anatexis or 
assimilation of the Jurassic Island intrusions and the Pacific Rim Complex. 
4) The Tofino pluton dated at 5 1.2 Ma intrudes the Pacific Rim Complex, a Jura- 
Cretaceous melange that was accreted some time during the Tertiary along the West 
Coast fault. The pluton is undeformed and has no magmatic fabric, indicating that 
accretion was complete by ca 5 1.2 Ma. 
Tectonic Model 
1) The forearc magmatic record from Alaska to Oregon cannot be produced by the effects 
of one mid-ocean ridge (typically the Kula-Farallon ridge) interacting with the trench. 
Several orientations of a single ridge were tested and all were unsuccessful in 
reproducing the observed magmatic pattern. 
2) The forearc magmatic record from Alaska to Oregon can be re-created by a forward 
geometric plate tectonic model invoking the Resurrection plate in the Pacific Basin. 
into 3) The tectonic model demonstrates that the Resurrection plate may have separated 
two smaller plates as a Kula plate promontory intersected the trench near Queen 
Charlotte Islands. A northern Eshamy plate, and a southern Resurrection plate. The 
best-fit tectonic model suggests that the Resurrection and Eshamy plates persisted in the 
Pacific Basin until the death of the Kula plate at -40 Ma. The Late Oligocene forearc 
magmatism in Alaska may be related to the extinct Eshamy ridge. 
5) The tectonic model suggests that there may be a small component of subducted Pacific 
Plate beneath Queen Charlotte Islands. 
6 )  The tectonic model accounts for numerous inboard features 
i) Challis-Kamloops belt magmatism and Eocene inboard extension occurred in regions 
affected by slab window processes. 
ii) The Chilcotin Plateau was situated near a subducted plate edge or in a slab window 
environment at different points between 3 1 Ma to present. 
iii) The northern Cordilleran volcanic province is situated above a slab window, and has 
been since its inception. 
iv) The break-off of the Explorer plate from the Juan de Fuca plate at -4 Ma along the 
Nootka fault may be causally related to the inception of the Wells Gray-Cleanvater 
volcanic field at 3.5 Ma. The westward shift of magmatism from the Pemberton belt to 
the Garibaldi belt can be explained by steepening of the Juan de Fuca plate after breakoff 
of the Explorer plate. 
v) The tectonic model is consistent with the transition between arc-like and within plate 
magmatism in the Wrangell volcanic field is explained in the model as a subducted plate- 
edge effect. 
vi) The tectonic model is consistent with the inception of arc magmatism in the Cascades 
and Pemberton arcs as the Juan de Fuca slab moved under these regions. 
Geochemistry, petrography and field relations 
1) The Mt. Washington and Clayoquot intrusions can be separated into 5 regions of 
similar intrusive character, texture and geochemistry 
2) The Mt. Washington and Clayoquot intrusions are hypabyssal. As indicated by the 
presence of amygdules and miarolitic cavities, and absence of metamorphic aureoles. In 
addition, in the Tahsis area, a Tertiary intrusion cross-cut volcanic debris flow deposits 
containing clasts of a similar intrusive lithology. 
2) The Mt. Washington and Clayoquot intrusions and Flores volcanics are arc-like in 
geochemistry with LILE and LREE enrichments and HREE and HFSE depletions. The 
Nb-Ta anomalies however are not as marked as in common arc rocks. 
3) Samples with Si02<63 wt % display MORB-like characteristics. 
4) Rocks with HREE depletions beyond those of Wrangellian lithologies are possibly 
formed in part by partial melting of an amphibolite source leaving behind a restite 
mineral phase that concentrates these elements. The high SiOz (dacite to rhyolite) of 
these intrusions suggest that they are the products of low degree partial melting, and the 
low LREEIHREE ratios suggest that amphibole as opposed to garnet was the dominant 
restite phase. 
Vancouver Island adakites 
1) The -50 Ma Kennedy Lake area adakites may have obtained their adakitic signature 
through partial melting of garnetiferous metasediments of the Pacific Rim Terrane 
coupled with assimilation by mafic melts injected into the forearc during ridge 
subduction, however the hypothesis of slab melting with minor sedimentary 
contamination cannot be disproved. 
2) The adakite dikes intruding the Zeballos stock appear be partial melts of a similar 
amphibolite source as the main Zeballos stock. Based primarily on low Cr and Ni values, 
these adakitic intrusions are thought to be derived by lower crustal melting, and not slab 
melting. 
3) The adakitic pluton observed in the Nanaimo Lakes area is likely derived from a 
similar amphibolite source as nearby non-adakitic intrusions. Based primarily on low Cr 
and Ni values, these adakites are thought to be derived by lower crustal melting, and not 
slab melting. 
Suggestions for Further Work 
Testing the tectonic model 
1) A geochronological and geochemical study of the forearc intrusions associated with 
the late Eocene volcanics in Washington and Oregon, and Late Eocene to Oligocene 
plutons in the Chugach-Price William terrane, would help to refine the model. 
2) The Coast Plutonic complex shutoff at ca. 50 Ma does not appear to be related to slab 
window processes. An investigation into this arc shutoff may suggest otherwise. 
3) For ease of geometrical modelling and in light of much controversy regarding terrane 
translation an orocline formation in Alaska, Alaska was shown in the model in its present 
day configuration. Further paleomagnetic and geologic constraint for orocline formation, 
and a model providing a chronology or rate of orocline formation will affect plate 
configurations as they are shown in the model. 
4) Investigations of both the maturation of petroleum in the Queen Charlotte Basin and 
the heat flow associated with a slab window migrating beneath that region would provide 
insight as to whether the model is consistent with observations from Queen Charlotte 
Islands. 
5) Seismic tomographic surveys under central British Columbia could image the edge of 
the subducted Explorer and Juan de Fuca plates and would test the present-day 
configuration of subducted slabs as proposed in this thesis. 
Vancouver Island Eocene intrusions and volcanics 
1) Detailed mapping in the vicinity of the West Coast fault may reveal cross-cutting 
relationships involving dikes or plutons, or may reveal that the Flores volcanics overlap 
the fault trace. 
2) Further investigations into Tertiary mineralization and the origin of gold veining at the 
Zeballos stock would be beneficial, and could include comparisons with forearc gold 
mineralization in the Queen Charlotte Islands and Alaska. 
APPENDIX A: 
STEP BY STEP METHODOLOGY OF THE TECTONIC 
MODEL 
Stage 1: 53 Ma to 39 Ma 
Step 1: Choice of map projection 
For this model a mercator projection was chosen because it is an equal angle projection, 
meaning north is always toward the top of the page. This is advantageous because the 
angles of linear velocity vectors are correct everywhere within the map area. Distances 
are not equal however and distortions of occur at distance from the location for which the 
linear vectors are calculated. The distortion is minor for the relatively small area over 
which this model was constructed. 
Step 2: Selection of map scale 
Mercator projections are subject to distortion in distances with latitude, so it was 
important to provide a scale that ensured the distances were most accurate for Vancouver 
Island near the trench. 
Since the map was not projected about Vancouver Island, the map was scaled so 
that distances were most accurate near Vancouver Island. The Queen Charlotte Islands 
remained close to their true length, but distortion becomes more pronounced in Alaska. 
This problem is inherent in working in orthogonal space and is the cause of minor 
geometrical distortion. 
Step 3: Choice of stage poles 
For this model it was difficult to choose a set of stage poles due to the problem presented 
by the death of the Kula plate. All published plate circuit reconstructions subscribe to 
Kula plate death at approximately 53 Ma based on the Great Magnetic Bight offshore of 
Alaska which preserves a possible triple junction configuration at chron 24 (ca. 53 Ma) 
(Byrne, 1979). 
Lonsdale (1 988) discovered a section of the Kula-Pacific ridge preserved south of 
the westernmost Aleutian trench. This ridge segment suggests that the Kula plate 
persisted until chron 18r or -40 Ma and the Kula-Pacific ridge spread asymmetrically. 
This small piece of the Kula-Pacific spreading center was not included in the recent plate 
circuit reconstruction of Norton (1995) for two reasons: 
1) Lonsdale's (1988) reconstructions call for a change in Kula motion between 53 and 42 
Ma that does not appear to be reflected in the Pacific-Farallon record. 
2) Lonsdale's (1988) magnetic lineations are preserved in a fore-trench bulge in an area 
of high topography in front of the Aleutian trench and is oriented parallel to the present 
day Pacific-North America plate motion and may be a more recent fault in Pacific crust 
related to tectonics at the trench. 
The compelling arguments of Lonsdale (1 988) for the persistence of the Kula 
plate until -40 Ma required the presence and activity of the Kula plate in the proposed 
model until chron 18r. This required the use of the rotation Kula poles presented by 
Lonsdale (1988). His poles were based on orientation of the Stalemate fracture zone. 
(Recall that lines drawn perpendicular to transform fault sets converge on an euler pole) 
Step 4: Determination of th e location of the K-F-P triple junction at 53 Ma- served 
as the geogmphic reference in the Pacific Basin from which the Kula, Fmllon and 
Pacific ridges attached 
Keeping in mind that vectors are dependent on the positions for which they are calculated 
and there is distortion of distances with latitude, a starting point for the modeling exercise 
in the Pacific Basin was constrained as accurately as possible. The procedure and chosen 
starting point is outlined below. 
The abandoned triple junction near Alaska, the "magnetic bight" of Byrne (1 979) 
became inactive at 53 Ma and since then has moved with the Pacific plate. Logically, 
this seafloor magnetic feature could be migrated back in time on a map from its present 
position to its position at 53 Ma, when it was an active triple junction. This position 
represents the position of the K-F-P triple junction in the Pacific Basin at 53 Ma, the first 
frame of the model. The migration was performed using Pacific plate vectors from the 
chosen stage pole sets. 
The vectors were calculated at different positions for each stage along the route 
through the Pacific Basin to maintain as accurate a position as possible. 
Step 5: Fixing North America dative to the oceanic plates 
Plate circuit rotation poles are frequently presented as plate pairs with respect to each 
other, for example Pacific-Kula, Pacific-North America, Farallon-Kula. It is necessary to 
calculate these poles into vectors which are with respect to one reference point. The most 
intuitive reference plate is fixed North America. 
Step 6: Choice of positions for which to calculate linear vectors 
For this model, two locations were chosen for calculations of linear velocity vectors. It 
was necessary to calculate vectors for at least two locations in order to obtain as accurate 
a seafloor history as possible to recreate the magnetic record and also to have as accurate 
a representation as possible for the ridge-trench interactions and slab window geometries. 
The locations are: 
1) A Pacific Basin location: located near the magnetic bight so that triple junction 
migration was as accurate as possible: 
2) A position immediately west of Vancouver Island: offshore of Zeballos 
Step 7: Determining the paleolocations of the chosen positions 
Holding North America fixed in a tectonic model does not imply that North America can 
be treated as if it has remained in its present position within the latllong Earth grid 
through time. It is simply a diagrammatical method for plate reconstruction. If present 
day grid coordinates are used to calculate velocity vectors for past time intervals, the 
reconstruction will be incorrect. 
North America has migrated roughly westward throughout its Cretaceous and 
Tertiary history. This is accounted for in a fixed North America tectonic model by using 
paleolocations for a set location with respect to North America through time. 
The starting point in the Pacific Basin was determined by migrating the magnetic 
bight back in time on the Pacific plate with respect to North America. This exercise 
provided paleopositions of the magnetic bight with respect to North America, and a new 
paleoposition was used at each new time stage to get the most accurate vector in the 
Pacific Basin at the time of reconstruction. 
The paleolocation near Vancouver Island was not as simple to determine as for 
the magnetic bight as there is no reference point to reconstruct back through time because 
so much of the magnetic record has been subducted. The same reasoning could have 
been applied, however, and a paleolocation in present coordinates would be provided by 
calculating back in time a point on the Farallon plate with respect to North America. 
This would have been an extensive exercise because there are no published Farallon- 
North America poles and to carry out the calculation would involve a lengthy multi-step 
procedure. Instead, the paleopositions of North America shown in Engebretson et al. 
(1 985) were used as a guideline to what sort of position North America was in with 
respect to the present day grid. This provided a rough estimate of Vancouver Island 
paleolocations from which velocity vectors were calculated. 
Step 8: Calculation of line ar velocity vectors for the chosen set of paleolocations 
Stage poles are Euler poles about which tectonic plates rotate at some angular velocity 
during a specified stage or time interval. Stage poles are defined by a latitude, a 
longitude, a time interval for which the pole is applicable, and an angle of rotation from 
which angular velocity may be determined. 
Steps for calculating linear velocity vectors from the latitude, longitude, time 
interval and angular velocity of a stage pole are presented in detail in Fowler (1990). 
Step 9: Recalibmtion of stage pole s to a recent magnetic time scale 
Since stage poles are determined from the magnetic record, they depend on the ages 
assigned to the magnetic anomalies. The magnetic time scale is continually being revised 
which means that the time intervals for which poles are valid are subject to change. This 
affects the angular velocity. It is important to resolve this issue by changing the time 
interval of each stage pole if necessary, or the tectonic reconstruction will not be up to 
date. The magnetic time scale used for this model was Cande and Kent (1995) 
Step 10: Calculation of the vectors with respect to the chosen reference plate 
Once these linear vectors are calculated with respect to each other (ie. Pacific-Kula, 
Pacific-North America, Farallon-Kula). It is necessary to recalculate them with respect to 
the reference plate- North America. This is performed by simple vector addition. 
Step 11: Drawing the vectors to scale with the map 
Translate the calculated azimuths and velocities with respect to North America into 
arrows which are drawn at the scale of the map. There is one set of vector arrows for 
each location: the Pacific Basin, and near Vancouver Island. Since Vancouver Island was 
used to set the scale of the map, the vector lengths for this model are most accurate near 
Vancouver Island. Vectors drawn with respect to North America will meet at a shared 
point that represents North America. 
Step 12: Dmwing ridge orientations and briple junction orientations 
Ridge orientations were drawn assuming symmetrical spreading except in the case of the 
Kula-Pacific ridge. The K-P magnetic lineations near the Aleutian trench preserved 
asymmetric spreading (Lonsdale, 1 988). 
Asymmetry was accounted for by following Lonsdale's estimate of 2.25: 1 with 
accretion favoring the Pacific plate. A problem arises in velocity space if one ridge 
segment is asymmetric. The ridges will no longer meet at a common point in the velocity 
triangle, and a triple junction will not be generated. Because of this, another ridge is 
required to spread asymmetrically. 
The K-F ridge was chosen to spread very slightly asymmetrically to accommodate 
K-P spreading asymmetry. Asymmetric spreading of the K-F ridge resulted in greater 
northward migration of the K-F-P triple junction, which is required for reconstruction of 
the magnetic record (the K-F-P triple junction was required to migrate north faster than 
the magnetic bight reference point to produce magnetic lineations preserved in the Gulf 
of Alaska that are north of the magnetic bight). This decision is viable because there is 
little direct evidence of Kula plate behavior as most of the plate has been subducted. 
Step 12: Emulating the pattern of fo Rare magmatism in the Pacific Northwest 
using the Kula-Farallon ridge and Pacific-Farallon ridges 
To test the hypothesis that all Eocene forearc magmatism in the Pacific Northwest could 
be generated by the Kula-Farallon ridge, numerous ridge orientations were constructed 
and migrated towards the trench in an effort to intersect the continental margin offshore 
of well-dated forearc magmatic centers. 
This test was unsuccessful. It was determined that one ridge and transform set 
(Kula-Farallon) was not able to generate the complex pattern of forearc magmatism if a 
ridge was assumed to be a required heat source (assuming fixity of the upper plate). 
Step 13: Creating Resurrection plate vectors, and Resurrection-Kula and 
Resurrection-Farallon ridge orientations a nd vectors and the Resurrection triple 
junction vectors 
The magnetic seafloor record does not preserve any evidence of the Resurrection plate. 
The Resurrection plate vectors are a best guess based on i) geological evidence ii) 
evidence in the seafloor record that restricts the activities of the Resurrection plate, and 
iii) velocity space arguments. Refer to Haeussler et al. (2003) for detailed explanation. 
For this analysis, the Resurrection plate vectors were constructed based on the 
requirements that: 
a) they were positioned between the K and F vectors 
b) spreading had to occur on both the Kula-Resurrection and Farallon-Resurrection 
ridges 
b) The ridges should meet at close to a 1 20•‹ triple junction in the ocean basin 
c) The ridges should be oriented with respect to the continental margin in a favourable 
manner to account for forearc magmatism and younging trends 
d) Resurrection triple junction migration had to be equal to or greater than the Pacific 
triple junction migration so that the K-F-P triple junction would not catch up to it or pass 
it through the course of the model 
e) The K-R and F-R ridges must migrate sufficiently so that they will not be consumed 
during triple junction migration. 
The Resurrection triple junction vectors were constructed for this model so that the 
Resurrection triple junction migrated at approximately the same azimuth as the Pacific 
triple junction but at a slightly higher velocity. This made for a stable Kula-Farallon 
ridge segment which joins the two triple junctions. 
If the triple junction vectors were not aligned along the Kula-Farallon ridge in 
velocity space, the Kula-Farallon ridge segment which joins the two triple junctions 
would be unstable and constantly in a state of reorganization. 
The task of creating a stable Kula-Farallon ridge between two migrating triple 
junctions became complicated by the asymmetrical spreading accounted for on the Kula- 
Pacific ridge. This asymmetry complicated the estimation of the Resurrection triple 
junction vector in velocity space. 
In order to create the situation where the Pacific triple junction was separated 
from the Resurrection triple junction by a stable Kula-Farallon ridge segment, the 
Resurrection-Farallon ridge was constructed to spread at -1.5: 1 favoring the Farallon 
plate. This high degree of asymmetry was applied to both the triple junction coordinates 
and the near trench portion of the model in order to obtain geographically accurate triple 
junction migration and slab window geometries near Vancouver Island and to lessen the 
projection-related distortion 
There are no Kula-Farallon lineations recorded in the magnetic record, so there is 
no evidence against it being an unstable ridge. Behaviour of the Kula-Farallon ridge and 
the Resurrection triple junction are conjectural. 
Step 14: Determining the initial location of the K-F-R triple junction north of the K- 
F-P triple junction 
Recall that a starting position for Pacific triple junction was constrained by migrating the 
magnetic bight back in time to a 53 Ma starting position according to vectors calculated 
from rotation poles of Norton (1 995). If the Resurrection plate existed in the Pacific 
Basin, the Resurrection triple junction (magnetic bight in first frame of model) must have 
been located north of the Pacific-Kula-Farallon triple junction to be consistent with the 
magnetic record (see Haeussler et al. (2003) for detailed description). A related 
requirement of this triple junction is that it migrate northwards such that the Pacific triple 
junction does not catch up to it because magnetic anomalies in the Gulf of Alaska negate 
this possibility. 
A starting position of the K-R-F triple junction was determined under the 
requirement from the seafloor magnetic record that the Resurrection triple junction be a 
minimum distance north of the Pacific triple junction of ca 5" latitude (as preserved in the 
Gulf of Alaska magnetic lineations) and also under the assumption that most of the 
Resurrection plate would be subducted by 39 Ma, the time of Kula plate death. 
The starting position was constructed with the above points in mind by lining up 
vectors that had been determined for the R-F-K triple junction (found at near-triple 
junction coordinates) for the stages between 53 and 39 Ma. This exercise indicated 
where the triple junction should be positioned at 53 Ma in order for most or all of the 
Resurrection plate to be subducted by 39 Ma, and the result was used as the starting 
position for the Resurrection triple junction. 
Step 15: Determining the configuration of the Kula Farallon ri dge joining the K-F- 
P and K-F-R triple junctions 
The first frame of the model is at 53 Ma. The starting position of the Pacific triple 
junction was determined (discussed in steps 4 and 7) by migration of the magnetic bight 
back in time. The magnetic bight marks the shape of the K-F-P triple junction as it died, 
so the position of the bight represents the starting point of the model. The location of the 
K-F-R triple junction was estimated in step 14. 
The next step was to join the two triple junctions, the Pacific triple junction and 
the Resurrection triple junction together with the Kula-Farallon ridge. This was done 
with a geometry that would eventually intersect the continental margin near Oregon to 
account for volcanism in that area at -39 Ma. 
Step 16: Creating the first frame of th e model- Paleotrench and inherited slab 
windows 
The trench has not been in its present position throughout the Tertiary. Accretion of the 
Crescent terrane caused a large outboard jump of the trench sometime between 50 Ma 
and 47 Ma. Timing of Crescent accretion is not well constrained and was chosen as 49 
Ma in this model. 
It was necessary to construct slab windows to be inherited by the tectonic model. 
The ridges would have been subducting for millions of years previous to the beginning 
frame of the tectonic model. This earlier subduction created a window of unknown 
geometry underneath North America which was geochemically confirmed by 
Breitsprecher et al. (2003). 
For the first frame of the model slab windows were constructed underneath North 
America so that they would lie underneath the Kamloops and Princeton groups and the 
Montana Alkaline Province 53-49 Ma to account for anomalous arc, within plate and 
alkaline magmatism (Breitsprecher et al., 2003). These windows are schematic and 
represent one possible scenario for window geometries. 
Step 17: Forward modeling from the starting points using linear vectors and 
geometrically determined ri dge-Ininsform orientations 
The Pacific and Resurrection triple junctions were located at their starting positions, and 
joined together with the Kula-Farallon ridge. In detail, ridge-transform sets emanating 
from the triple junctions were drawn. The ridge transform sets were constructed at 90•‹ to 
each other and put into orientations such that when migrated in 1 Ma intervals, they 
intersected the trench at locations of forearc magmatism, as constrained by ages of 
forearc igneous rocks. 
The triple junctions were migrated by their triple junction vectors for the Pacific 
Basin. However, near the trench the ridge segments were migrated by the near- 
Vancouver Island vectors. Minor distortion was created because the orientations of the 
mid-ocean ridges in the Pacific Basin are different from the orientations of the ridges 
calculated for a near-trench position. This is a diagrammatical issue but the ridges must 
hit the trench at the specified times according to their near-trench vectors regardless of 
how they truly looked in the ocean basin. This requirement was met. 
Slab windows were constructed following the principles laid out in Thorkelson 
(1 996) using the near-trench vectors. 
Step 18: Forward modeling through to 39 Ma 
The triple junctions and ridge-transform sets were migrated according to their individual 
vectors until 39 Ma. 
At 53 Ma, the Great Magnetic Bight formed, which several authors mark as the 
death of the Kula plate (Byrne, 1987, Stock and Molnar, 1988, Norton, 1995). The 
tectonic model generated for this paper, however, requires persistence of the Kula plate 
until 39 Ma which is the time of Kula plate death according to Lonsdale (1988). To 
account for this apparent conflict, the Kula-Pacific vectors of Lonsdale were used which 
caused an increase in the velocity of the Kula plate sufficient to abandon the old triple 
junction, leaving behind the magnetic bight. The magnitude of this "ridge jump" or triple 
junction abandonment is unknown, but for the purpose of the model the new K-F-P triple 
junction was generated directly north and east of the great magnetic bight (as there is 
contention as to whether the great magnetic bight actually represents a fossil triple 
junction (Norton, 1995)). The K-F-P triple junction migration vectors were sufficient to 
recreate the magnetic record with only this minor ridge jump away from the magnetic 
bight. 
Ridge orientations south and east of the K-F-P triple junction were drawn so that 
they matched the orientations preserved in the magnetic record. During intervals of plate 
motion change and ridge reorientation (stage boundaries), a new ridge orientation was 
chosen with the assumption that a new ridge would break through the youngest and 
weakest parts of the oceanic lithosphere. The new stable ridge configuration was chosen 
to be as similar to the old ridge orientation as possible, breaking through the youngest 
crust possible and also was at a preferred orientation to generate the pattern of forearc 
magmatism. 
Model stage 2- from 39 Ma to 0 Ma 
Step 1: Obtaining a mercator map with a Latitude-Longitude grid on which North 
America can be migmted 
It was decided that this portion of the model would display the migration of North 
America. To accomplish this a larger map was needed which was at the same scale of the 
map in the first stage of the model and had a latitudellongitude grid to display the 
migration. 
Step 2: Calculation of vect o n  for North America with mspect to hotspots from 
Engebretson et al. (1985) 
For this portion of the model vectors were calculated from the stage poles of Engebretson 
et al. (1985) with respect to hotspots. Vectors for North America were needed first in 
order to migrate the continent to a starting position at 39 Ma 
Step 3: Migmtion of Nort h America back in time. 
Vectors for present day North America were calculated for a position west of northern 
Vancouver Island. From this starting position, North America was translated back in 
time in 1 Ma increments. At each new stage boundary the paleoposition to which North 
America migrated to was used to calculate the next vector by which North America 
would be further migrated back in time. The rotational nature of plate migration was lost 
in the projection used. However, the migration path for the starting location off 
Vancouver Island is depicted accurately. 
Step 4: Calculation of Pacific and Fa rallon vectors with respect to hotspots 
The above exercise provided the frames to model upon and also provided the 
paelopositions of North America which were then used to calculate the Pacific and 
Farallon plate vectors. The Pacific and Farallon plate vectors were calculated with 
respect to hotspots using stage poles from Engebretson et al. (1985) at paleopositions 
situated off the coast of Vancouver Island. 
Step 5: Dmwing plate vectors and ridg e orientations to scale with the map 
The plate vectors calculated above were drawn with respect to hotspots. The Pacific- 
Farallon ridge was drawn assuming symmetrical spreading. 
Step 6: Superimposing the last frame of the stage 1 model onto the hotspot model 
The map obtained for this model in step 1 was generated to be the same mercator 
projection and the same scale about Vancouver Island, therefore the last frame of the 
Stage 1 model was cut and pasted onto the first frame of the second stage model. This 
enabled migration of the final configuration which resulted from the first stage model 
further in time using a different reference frame. 
Step 7: Kula plate "death" 
At the Chron 18r stage boundary at 40 Ma the Kula plate is assumed to have fused 
with the Pacific plate (Lonsdale, 1988). This was shown in the model by removing the 
Pacific-Kula ridge. At this point the Resurrection plate is almost completely subducted. 
An arbitrary decision was made to fuse the last small remnant of Resurrection plate (the 
Eshamy plate) located in the Gulf of Alaska to the Pacific plate, but other options are 
plausible. 
Step 8: Deciding how the P-F ridge should break through the old ridges following 
the fusing of the Kula and Pacific plates. 
This break was constrained by the preserved magnetic lineations which were located 
directly south of the old K-F-P triple junction as it was drawn in the model. However, 
the only constraint from magnetic lineations on the location of the K-F-P triple junction is 
that it must have lain north of the preserved lineations. 
In this model, the K-F-P triple junction was located immediately north of the 
Pacific-Farallon lineations preserved in the magnetic record today. This was the case 
because the vectors for the migration of the Kula-Farallon-Pacific triple junction 
restricted its migration to only the absolute minimum latitude and longitude required to 
re-create the magnetic record. 
Step 9: Fornard modeling in 1 Ma increm ents from 39-5 Ma using the preserved 
orientation of the Pacific-Farallon ridge 
For the duration of stage 2, the shape and orientation of the P-F (Juan de Fuca) ridge are 
well constrained by magnetic lineations preserved on the Pacific sea floor. As mentioned 
above, for this model these lineations were located directly south of the now extinct and 
subducted Kula-Farallon-Pacific triple junction. 
The Juan de Fuca ridge has a complicated history of ridge propagation, as 
described by Wilson (1988). Ridge re-orientations which occurred at stage boundaries 
were constructed as accurately as possible from diagrams of Wilson (1 988) to be 
consistent with the complicated magnetic record of ridge propagation. The Pacific- 
Farallon (now Juan de Fuca) ridge was drawn as accurately as possible for the tectonic 
reconstructions from Wilson (1988). 
Step 10: Breaking off th e Explorer plate at 4 Ma 
The Explorer plate broke off of the Juan de Fuca plate at -4 Ma (Riddihough, 1977; 
Botros and Johnson, 1988). Current plate motions indicate that the Explorer and Juan de 
Fuca plates are not attached at depth and instead move according to their own euler poles. 
The break between the two plates likely occurred along the Nootka fault zone 
(Riddihough. 1977; Botros and Johnson, 1988). For this model the break was assumed to 
have occurred along the small circle dictated by the Juan de Fuca plate rotation through 
the Nootka transform. 
The break orientation into the subsurface was determined using the Explorer plate 
vectors presented by Riddihough (1977) and the Juan de Fuca vectors calculated from 
Engebretson et al. (1985). The Explorer plate vectors were drawn and put with respect to 
hotspots. The ridge-transform geometry between the Explorer and Juan de Fuca plates 
was then constructed under the assumption of symmetric spreading. 
The Explorer and Juan de Fuca plates and the Nootka transforrn/subsurface break 
geometry was migrated forward to 0 Ma. This provides a likely present day plate 
tectonic scenario. 
1550 145" 1 35" Sovanco FZ 
Figure 35: Generalized seafloor magnetic record. Anomaly 24 is referred to 
as the great magnetic bight which some authors regard as recording the 
death of the Kula plate. Anomaly 26 and 32 are curved. The portion of the 
anomaly north of the curve was formed (striking -E-W) at the Kula-Pacific 
ridge, and the bottom portion of the curve (striking - N-S) was formed at the 
Pacific-Farallon spreading center. The thick black line represents the 
present day Juan de Fuca ridge. The Juan de Fuca and Explorer plates are 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































West of central 
Vancouver Island 
I Pacific Basin 
Chron 21-18 
47-39 Ma 
Figure 36: Kula, Pacific, Farallon and Resurrection plate motion vectors with 
respect to North America for a position in the Pacific Basin and a position west 
of central Vancouver Island. For the interval 53-47 Ma the Pacific Basin location 
used was based on the starting position of the Magnetic Bight in the Pacific 
Basin through migration back in time. From 47-39 Ma the Pacific Basin location 
used was the location where the Kula-Farallon-Pacific triple junction had 
migrated to at 47 Ma from the starting position at 53 Ma. Each arrow above 
represents 1 Ma of plate motion. 
Figure 37: Pacific, Farallon and North America plate motion vectors 
with respect to Hotspots for a position west of central Vancouver 
Island from 39-0 Ma. Each arrow above represents 1 Ma of plate 
motion. Linear vectors calculated from stage poles of Engebretson 
et al. (1 985). 
+ Hot Spots 
- Farallon 
- Pacific 
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APPENDIX B- 
ADDITIONAL GEOCHEMICAL ANALYSIS 
Error analysis 
Relative percent error for the geochemical analyses was determined using duplicate 
analyses and reference standards to constrain the relative and absolute percent errors. 
The duplicate data set is used to gauge the precision of the analyses, and the reference 
standards are a proxy for accuracy. For this study three samples were chosen for 
duplicate analyses and Activation laboratories provided certified reference analyses. 
A spreadsheet program provided and developed by Thorkelson (1 992) uses 
reference standards and duplicate analyses to calculate a visual display of relative percent 
error dictated by an error envelope. Input into the program is on an element-by-element 
basis and includes: 1) the reported elemental values for the three samples for which 
duplicates were made, 2) reported element values obtained for the duplicate analyses of 
the same samples, 3) values obtained for up to four reference standards, and 4) the 
standardized values for the reference standards. 
The program generates a bivariate plot displaying data points for the geochemical 
reference standards, duplicate analyses, an error envelope, and a line of unity. The error 
envelope represents the uncertainty of the data. In a hypothetical case where precision 
and accuracy are perfect, all the data would plot along the line of unity. In "real" data 
sets, the data scatter around the line of unity, typically showing greater scatter at higher 
abundances. Absolute error accounts for the size of the error envelope at lowest 
concentrations. Relative error accounts for the increase in scatter at higher abundances; 
greater relative error is evident where scatter increases markedly toward higher 
concentrations. The envelope of error is considered an appropriate measure of uncertainty 
when it encloses the duplicates and geochemical reference analyses. The envelope is 
modified in iterations by entering relative percent error values into the program until the 
envelope visually encloses all data points. The value of absolute error is initially set to the 
determination limit provided by the laboratory, but in many cases is doubled or tripled to 
enclose data points of low concentration. Because data points representing duplicate 
samples and geochemical reference materials are enclosed together by a single envelope 
of error, the resulting values of analytical uncertainty represent the combined effects of 
analytical precision and data accuracy. 
Elements with a small component of relative uncertainty have error envelopes 
with approximately parallel boundaries. Elements reflecting a large amount of relative 
error display a highly divergent envelope. Elements with low absolute error have narrow 
envelopes and those with high absolute error display wide error envelopes at low element 
concentrations. The overall uncertainty is the sum of the absolute error and the relative 
error. For example, if the absolute error for a given element is 10 ppm, and the relative 
error is 15%, then a reported concentration of 100 ppm has an estimated error of 10 ppm 
plus 15% of 100 ppm, i.e., 10 ppm + 15 ppm = 25 ppm. . 
Analysis 1 and standard accepted value (wt %) 
0 2 4 6 8 10 
Analysis 1 and standard accepted value (ppm) 
Figure 38: Representative graphs used to determine relative percent error 
(Thorkelson, 1992). Triangles represent reference standards and circles represent 
duplicate chemical analyses for Vancouver Island Tertiary igneous rocks obtained for 
this study. Solid black lines are the boundaries of the error envelope and are a 
combined measure of precision and accuracy, i.e., overall uncertainty. The width of 
the error envelope at low concentrations is mainly controlled by the determination limit 
or "absolute error," The angle at which the solid lines of the error envelope diverge 
toward higher concentrationsis a measure of "relative error." The dashed line is a line 
of unity which represents where points would plot if precision and accuracy were 
perfect. A) Error envelope for SiO,. The narrowness of the envelope surrounding the 
data points demonstrate low absolute and low relative error. B) Error envelope for Sr. 
The narrowness of the envelope close to the origin demonstrates low absolute error. 
The divergence of the envelope to the upper right indicates a large relative error. 
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Sample preparation and analysis 
Major and trace element compositions were obtained for the Mt. Washington 
intrusions, Clayoquot intrusions and Flores volcanics in order to characterize Vancouver 
Island forearc magmatism. Geochemical samples were stripped of weathering rinds prior 
to submittal. Preparation for geochemical analysis was performed at the Geological 
Survey of Canada Laboratory in Ottawa where the samples were jaw crushed to 1.5 cm, 
sub-sampled and then pulverized in a Bico ceramic disc grinder. Pulverization was 
followed by reduction to <lo0 mesh powder in a ceramic ball mill. Major and trace 
element analysis was performed at Activation Laboratories in Ancaster, Ontario. Major 
oxides and selected trace elements were determined by ICP. Trace element analysis was 
performed with the Perkin Elmer SCIE ELAN 6000 ICP-MS. Calibration was 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fractional crystallization modeling 
Two geochemical samples were obtained from different areas of select forearc intrusions 
on Vancouver Island in an effort to determine how chemically homogenous the 
individual intrusions are and if the samples could be related by simple fractional 
crystallization. To determine the amount and type of fractionationg phases, a fractional 
crystallization modeling program was used. The program "Stonergram" developed by 
Derek Thorkelson models gains and losses of mineral components by molecular 
proportion. Two geochemical samples are required to run the program. Of the two 
geochemical samples, the more primitive sample must be identified and is taken as a 
parent composition. The composition of these compositions are plotted, both with 
respect to a conserved and immobile element. A model curve is manipulated to match 
the evolved curve by changing the % fractionation factor and the percentage of different 
fractionating minerals by molecular proportion. The amount of fractional crystallization 
and percentage of the phases is determined from the best fit curve. 
The individual intrusions studied were the Mt. Washington pluton, the Wolf Lake 
stock, the pluton at Mt. Patlicant, and the Zeballos stock. In each case a model curve was 
adequately fit to the more evolved composition by fractionating minerals that were 
present in thin section. Results are graphically displayed in figures 40-43. At Mt. 
Washington the two samples were related by a total fractionation of 22% or 9% 
plagioclase, 6.6% quartz and 3% hornblende, 0.12 % biotite, 1.92 % augite, 1.32% 
magnetite and 0.05 % apatite. At Wolf Lake, the two samples were related by a total 
fractionation was 14%, the sum of fractionation of 3.8% plagioclase, 8.5% quartz, and 
-1% hornblende, 0.34% orthoclase, 0.02% apatite and 0.29% magnetite. The two 
samples of the Zeballos stock were related by a total fractionation of 18%, the sum of 
6.5% plagioclase, 9.7%, 1.38 % orthoclase, 0.14% biotite, 0.14% pyrite and 0.14% 
magnetite. At Mt. Patlicant, only 2% total fractionation was required to relate the two 
samples and the melt experienced a loss of only 0.89% hornblende, 0.45 % quartz, 0.36 
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Figure 41: Fractional crystallization model to relate two samples from Mt. Washington by fractional 
crystallization using mass balance. This is accomplished by fitting a model curve to the less evolved of the 
two samples to the more evolved of the two which are both plotted with respect to Zr, a conserved and 
immobile element. The "parental" melt is represented by the dashed line. The evolved example is pictured 
as the black line and is different from the parental melt by the amount of fractionation necessary to fit the 
model curve (grey line) to the more evolved composition. Table A numerically shows the model-fit. In a 
perfect fit, the model and evolved numbers would be identical. Table B displays the user-defined 
fractionating assemblabe mineral compositions and total amount of fractionation. Total fractionation was 
22%,broken down to 9% plagioclase, 6.6% quartz and 3% hornblende, 0.12 % biotite, 1.92 % augite, 1.32% 
magnetite and 0.05 % apatite. 
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Figure 42: Fractional crystallization model to relate two samples from Wolf Lake in the Mt. Washington area 
by fractional crystallization by molecular proportions. This is accomplished by fitting a model curve to the 
less evolved of the two samples to the more evolved of the two which are both plotted with respect toTh, a 
conserved and immobile element. The "parental" melt is pictured as the dashed line. The evolved example 
is pictured as the black line and is different from the parental melt by the amount of fractionation necessary 
to fit the model curve (grey line) to the more evolved composition (black line). Table A numerically shows the 
model-fit. In a perfect fit, the model and evolved numbers would be identical. Table B displays the user- 
defined fractionating assemblabe mineral compositions and total amount of fractionation. Total fractionation 
was 14%, 3.8% plagioclase, 8.5% quartz, and -1% hornblende, 0.34% orthoclase, 0.02% apatite and 0.29% 
magnetite. 
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Figure 43: Fractional ctystallization model to relate two samples from the Zeballos stock by fractional 
cr&tallization by molecular proportions. This is accomplished by fitting a model curve to the less evolved 
of the two samples to the more evolved of the two which are both plotted with respect toTh, a conserved 
and immobile element. . The "parental" melt is pictured as the dashed line. The evolved example is 
pictured as the black line and is different from the parental melt by the amount of fractionation necessary to 
fit the model curve (grey line) to the more evolved composition (black line). Table A numerically shows the 
model-fit. In a perfect fit, the model and evolved numbers would be identical, Table B displays the user- 
defined fractionating assemblabe mineral compositions and total amount of fractionation. Total 
fractionation was 18%, 6.5% plagioclase, 9.7%, 1.38 % orthoclase, 0.14% biotite, 0.14% pyrite and 0.14% 
magnetite. 
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Figure 44: Fractional crystallization model to relate two samples from Mt. Patlicant in the Nanaimo Lakes 
area by fractional crystallization by molecular proportions. This is accomplished by fitting a model curve to 
the less evolved of the two samples to the more evolved of the two which are both plotted with respect to Th, 
a conserved and immobile element. The "parental" melt is pictured as the dashed line. The evolved 
example is pictured as the black line and is different from the parental melt by the amount of fractionation 
necessary to fit the model curve (grey line) to the more evolved composition (black line). Table A numerically 
shows the model-fit. In a perfect fit, the model and evolved numbers would be identical. Table B displays the 
user-defined fractionating assemblabe mineral compositions and total amount of fractionation. Total 
fractionation was only 2 %, with 0.89% hornblende, 0.45 %quartz, 0.36 % magnetite, 0.08% orthoclase and 
0.22% plagioclase. 
Harker variation diagrams 
Figure 45: Harker variation diagrams for the Mt Washington and Clayoquot intrusions and Flores 
volcanic rocks. Clayoquot intruions are located in the Kennedy Lake area and the Tahsis area. Mt. 
Washington intrusions are located in the Nanaimo Lakes, Kennedy Lake, Zeballos, Mt. Washington, 
and Tahsis areas. SiO, is on the X-axis in all plots. Grey fields distinguish element fields where 
division is not obvious. 
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Figure 45 continued: Harker variation diagrams 
Previous isotope work 
Neodymium, strontium and lead isotopic studies of Tertiary and pre-Tertiary 
igneous rocks on Vancouver Island were undertaken by Andrew and Godwin (1 989) and 
Andrew et al. (199 1) (Rb-Sr and Sm-Nd data presented in tables 14 and 15). Isotopic 
data for rocks of pre-Tertiary age were obtained from the Jurassic Island intrusions and 
Bonanza Volcanics, the Triassic Karmutsen Formation and the Devonian Sicker Group. 
Samples from Tertiary igneous rocks were obtained from both the Mt. Washington and 
Clayoquot intrusions and the Flores volcanic rocks. Three Mt. Washington suite 
intrusions were studied; the Mt. Washington stock, Zeballos stock, and Faith Lake sill 
(near Mt. Washington). Two Clayoquot intrusions were sampled; the Stubbs Island 
pluton, and the intrusion at Catface Peninsula. The intrusion at Stubbs Island was run 
only for Pb and was not included in the Sr and Nd study. Two Flores volcanics samples 
were obtained from both the Mt. Ozzard and Mt. Frederick exposures for Nd and Sr 
work. The isotopic values obtained for the Wrangellian lithologies provide insight into 
possible source areas for the Tertiary intrusions and volcanics on Vancouver Island. 
The isotopic data do not elucidate source areas for the Tertiary igneous rocks on 
Vancouver Island (Figure 46), but provide valuable constraints and rule out some 
possibilities. Initial strontium values were too low and 208~b/204~b  and 2 3 2 ~ h j 2 3 8 ~  values 
were too high for Vancouver Island forearc magmatism to be derived solely from Sicker 
Group basement lithologies (Andrew and Godwin, 1989). Initial strontium values and 
the ratios of 207~b /204~b  and 2 3 2 ~ h / 2 3 8 ~  were all too high for the Tertiary igneous rocks to 
be solely mantle derived. Lead isotopic data are consistent with the intrusions being 
sourced from a homogeneous mixture of mantle material and a sedimentary component, 
possibly subducted Pacific sediments (Andrew and Godwin, 1989); the low Sri however 
suggests that this may not be the case. Neodymium data indicate the Tertiary Mt. 
Washington and Clayoquot intrusions and Flores volcanics are possibly closed system 
melts of underlying crustal material with an isotopic character similar to the Bonanza 
Volcanics and Island Intrusions (Andrew et al., 1991). The Tertiary igneous rocks 
require no input of mantle material; however mantle influence cannot be excluded by the 
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Figure 46: Sr and Nd isotope data for Eocene forearc magmatism and Wrangellian 
lithologies which make up the basement of Vancouver lsland and may have partially 
melted to form the Eocene forearc magmatism. These include: the Devonian Sicker 
Group arc succession, the Triassic E-MORB Karmutsen formation pillow basalts, the 
Jurassic Bonanza arc including Bonanza volcanics andesite and the granodiorite to 
quartz monzonite lsland Intrusions. All data were recalculated to initial values at the 
time of Eocene magmatism. A) recalculated to values at 50 Ma, the time of the 
Clayoquot intrusive event and Flores volcanism. B) recalculated to initial values at 35 
Ma, the time of magmatism in the Mt. Washington and Zeballos areas. No conclusive 
source is evident. It is unlikely that the Metchosin basalt was involved in the 50 Ma 
event as they were not yet accreted to or were accreting to Vancouver Island. 
Using LZLE systematics to determine the origin source of Eu anomalies 
Because Sr and Ba partition differently into plagioclase and alkali feldspar in felsic melts 
LILE behaviour can provide insight into the source of Eu anomalies. Eu anomalies are 
found in the Nanaimo Lakes area, Mt. Washington area, and Kennedy Lake areas, 
however this method is only useful where all samples within an area demonstrate either 
all negative or all positive anomalies. 
Table 16: Partition coefficients for plagioclase and K-feldspar in dacite to rhyolite melts 
The premise behind this method is that Ba and Sr are both incompatible and fluid 
mobile and during weathering these elements should behave similarly with respect to 
each other. If these elements are normalized to an immobile element which is not 
affected by feldspar fractionation or weathering it may be possible to discern the effects 
of feldspar-related processes in the melt. 
For this exercise, Nb was chosen as a normalizing element because it is immobile 
and does not partition well into either plagioclase or alkali feldspar. The X-axis displays 
Th/Nb. This ratio was chosen because it is a proxy for sediment influence without a fluid 
Plagioclase K-feldspar 
mobile component. BaiNb and Sr/Nb are proxies for fluid effects, however they are 
useless for this purpose if mineral accumulation or fractionation is apparent. This seems 
to be the case for both the Mt. Washington and the Kennedy Lake areas. 
The Flores volcanics provide an illustration of the expected similar behaviour 
between Ba and Sr. The Flores volcanics have no Eu anomalies and in absence of a Eu 
anomaly, BalNb and Sr/Nb should plot in a similar cluster. In each figure A-C this is the 
case. 
The Mt. Washington and Wolf Lake area samples display small positive Eu 
anomalies and the Kennedy Lake area has distinctive marked negative Eu anomalies. 
The Mt. Washington area intrusions have very low K-contents of 0.23-0.75 wt % and 
probably never supported K-feldspar. Examination of the LILE behaviour shows that 
Sr/Nb is anomalously high, far above all other samples whereas BaNb plots in a field 
more akin to the other data points. The strong Sr anomaly therefore provides evidence 
for plagioclase accumulation, consistent with the positive Eu anomalies. 
The Kennedy Lake area is characterized by marked negative Eu anomalies which 
suggest that either plagioclase or alkali feldspar were present in the restite or have been 
fractionated from the melt. These rocks are high K with 2.3-4.6 wt % K20, and have a 
large modal percent of alkali feldspar. On the SrMb plot it is apparent that Sr values are 
very low, consistent with removal of either plagioclase or alkali feldspar, or presence of 
either feldspar in the restite. If alkali feldspar had fractionated or was present in the 
restite one would expect a noticeably low BaNa content analogous to the low Sr/Nb in 
the area. Examination of the Ba/Nb plot however shows that no such low Ba/Nb 
relationship exists, suggesting that plagioclase is the feldspar controlling the Eu anomaly 
in the Kennedy Lakes area. 
The X-axis ThINb was chosen because Th is commonly concentrated in 
sediments. These plots were initially designed to test if the eastern intrusions had a more 
fluid-moble component vs. the western areas. The effects of fractionation became 
apparent during this exercise for the Mt. Washington area. 
0 Zeballos 
Nanaimo Lakes 











,ooo, Tcfinol Kennedy Lake , 
1- 
LaCePrNdSMuGdTbDyHoErTmYbLu 
1 1 . . . . . . . . . . . . 1  
LaCePrNdSMuGdTbDyHoErTmYbLu 
Figure 47: Behaviour of LlLE elements provides evidence for interpretation of the Eu 
anomalies on REEgrams. Sr partitions into plagioclase and K-feldspar with similar 
partition coefficients. Ba partitions into K-feldspar but not plagioclase. At right are REE 
profiles for three sets of forearc magmatism on Vancouver Island. The Flores volcanics 
demonstrate no Eu anomaly and serve as a control, the Kennedy Lake area is 
characterized by sharp negative Eu anomalies and the Mt. Washington area 
demonstrates positive Eu anomalies. Because Mt. Washington samples display very 
high Sr values but normal Ba values with respect to other Vancouver Island forearc 
magmatism, the high Sr can be considered the result of plagioclase accumulation. The 
Kennedy Lake area samples which display a sharp negative Eu anomaly display 
anomalously low Sr values with respect to other samples. If K-feldspar was the feldspar 
controlling this Eu anomaly, the Ba values should also be low. This is not the case, and 
the Kennedy Lake area Eu anomalies appear to be the result of either a plagioclase-rich 
restite, or plagioclase fractionation. 
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APPENDIX E- YAKUTAT TERRANE 
The Yakutat Terrane is a composite oceanic-continental package that underwent 
northward movement during the Tertiary and presents a complex problem in tectonic 
reconstructions of the Pacific Northwest. Estimates for northward movement of the 
Yakutat terrane range from 5" (Plafker, 1983) to 30" of latitude (Bruns, 1983). The 
Yakutat Terrane began accreting in the Gulf of Alaska during Miocene time (Bruns, 
1983; Plafker, 1983; Plafker, 1994). Fission track data suggest that accretion possibly 
began between 19 and 14 Ma in the west and east respectively (0' Sullivan and Currie, 
1996; Sisson et al., 2003). 
The western and eastern portions of the Yakutat terrane differ in basement 
lithology and degree of deformation and are separated by the Dangerous River fault zone. 
The western portion is more deformed than the eastern portion and has a basement 
lithology of ca 50-55 Ma dominanted by amygdaloidal oceanic basalt flows and 
pyroclastic rocks that are interbedded with subordinate clastic marine sedimentary rocks. 
The basaltic basement is geochemically similar to the Crescent basalts of the Coast 
Range Basalt Province, is of comparable age, (Bruns, 1985; Davis and Plafker, 1986) and 
is possibly correlative (Davis and Plafker, 1986, Plafker, 1994). The basaltic basement 
crust is juxtaposed against Oligocene age oceanic crust of the Pacific plate along the 
Transition fault (Bruns, 1985). This relationship is difficult to reconcile without a 
tectonic explanation. 
The eastern portion of the terrane is floored by a Mesozoic continental margin 
sedimentary package of dominantly argillite and greywacke (Bruns, 1985), similar to the 
Pacific Rim Terrane on the west coast of Vancouver Island. This Mesozoic sedimentary 
package hosts near-trench intrusions of similar age to those within the Sanak-Baranof belt 
and those within the Pacific Rim Terrane on Vancouver Island and the Flores volcanics. 
Ages on intrusions from the Yakutat Terrane are; - 48 Ma U-Pb (R.M. Friedman, pers 
comm., 2004) and 53.8 Ma Ar-Ar hornblende (Sisson et al., 2003). Both basement 
lithologies are overlain by Cenozoic continental margin sediments derived largely from a 
Wrangellian source area (Plafker, 1980; Plafker, 1983; Plafker, 1994) 
Models for the tectonic history for the Yakutat terrane vary but always include 
some amount of northward transport (Plafker, 1980, Bruns, 1983, Plafker, 1983, Plafker, 
1994). The basaltic Yakutat basement is frequently regarded to have formed during the 
early Eocene near the Kula-Farallon spreading center at a more southerly latitude 
(Plafker, 1983; Bruns, 1985; Davis and Plafker, 1986, Plafker, 1994). Davis and Plafker 
(1986) suggested that the Yakutat Terrane originated as a composite terrane formed near 
the Kula-Farallon spreading center. The terrane became accreted to the continental 
margin between 45 and 50 Ma in conjunction with the Crescent terrane. The Yakutat 
portion of the Crescent terrane was subsequently sliced off the continental margin and 
began its journey northward as the Yakutat terrane to its present position (Plafker, 1983). 
The method of transport is under debate. The Yakutat terrane may have moved as a 
forearc sliver (Bruns, 1985), but due to the large size of the Yakutat terrane, this would 
have required a much different trench configuration which would lie -300 km farther 
outboard than traditional plate models suggest (Bruns, 1985). Another idea is that the 
Yakutat terrane became coupled to the Pacific plate sometime during the Tertiary and 
migrated north with the Pacific plate. 
The presence of intrusions within the Mesozoic continental margin sedimentary 
package of the Yakutat terrane is important. This relationship provides fkther evidence 
that (besides the Crescent terrane comparison) a mid ocean ridge may have interacted 
with the Yakutat terrane in a near-trench position. This relationship further reinforces the 
hypothesis that the basaltic basement was formed near a mid-ocean ridge. 
Northern Vancouver Island is an attractive initial docking location for the Yakutat 
terrane based of four principal lines of evidence: 1) Vancouver Island is a Wrangellian 
source area, which is required for the Tertiary continental margin package; 2) Vancouver 
Island has a 7 km-thick Crescent terrane underplate that is geochemically similar to the 
basement of the western portion of the Yakutat terrane and has been treated as correlative 
by other authors (Davis and Plafker, 1986; Plafker, 1994). Interestingly, this Vancouver 
Island underplate ends abruptly offshore near Zeballos. It is possible that the northern 
termination of Crescent underplate signifies that a mid-ocean ridge lay immediately to the 
north. If this was the case, no cohesive crust would be present, hence underplating could 
not occur. This possibility is elaborated on in a subsequent section. Alternatively, the 
abrupt termination may have been created as underplated basalt was broken and sheared 
off and transported northward as the Yakutat terrane. 3) Vancouver Island has an 
underplate of Mesozoic continental margin sediments, represented by the Pacific Rim 
Terrane which is considered correlative to the Mesozoic sedimentary basement in the 
eastern portion of the Yakutat Terrane (Bruns, 1985; Plafker, 1994). Like the Crescent 
underplate, the Pacific Rim Terrane underplate also ceases sharply near Zeballos and is 
not present underneath northern Vancouver Island. These Mesozoic sediments may have 
also been sliced off and transported northward. 4) Near trench intrusions and volcanics of 
5 1.2 Ma to 48.8 Ma occur on Vancouver Island and within the Pacific Rim Terrane. 
These are of similar age to the forearc intrusions in the Yakutat terrane and it is possible 
that the intrusions within the Yakutat terrane may have been emplaced offshore of 
Vancouver Island. 
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